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Dr. Jay T. Bergstralh Dr. Dennis Bogan

NASA, Office of Space Science NASA, Office of Space Science
300 E Street SW 300 E. Street SW

Two Independence Square Two Independence Square
Washington, D.C. 20546-0001 Washington, D.C. 20546-0001

RE: Renewal of NASA NAGW-4388, January, 1997-December, 1997
Dear Jay and Dennis:

Much of my time during the first five months of 1996 were perforce devoted to
analyzing data acquired by the Galileo Probe Mass Spectrometer (GPMS) and writing the
GPMS team’s Science paper. Because of my 18 years of experience analyzing mass
spectrometer data from the Pioneer Venus Probe Mission (LNMS), and my emeritus status
I found myself uniquely prepared to make rapid progress in analyzing and interpreting the
GPMS results and with time to do so. Ienclose a copy of the Science paper that resulted.
Since that paper was written, post flight calibration is proceeding methodically and we have
had a careful look at the data obtained between 14.5 bar and 21 bar which was barely
discussed in the Science paper. (See the COSPAR paper, also enclosed) The most
interesting result here is that in this altitude range the water vapor mixing ratio gets up to
1.6 times solar, compared to the 0.2 times solar below 11 bar that was quoted in our
preliminary report. Like H2S and HCI, H20 increases in mixing ratio with decreasing
altitude (or perhaps horizontal displacement). We are inclined to attribute this effect to the
probe's finding itself in the descending volatile poor arm of a circulation system. We are
awaiting calibration of the instrument for NH3 for further enlightenment.

In the meanwhile, I have been able to get started on a couple of Venus hydrogen
projects. On of these should be finished and on the way to publication by the time this
letter would have been written in the past. I have been trying to understand how to
reconcile the standard treatment of the evolution of the H2O and HDO reservoirs on the

planet over 4.5 Gyr in the presence of H and D escape and injection by comets. The simple

relations
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govern this evolution.

Where the fractionation factor f is given by

¢ = 92/[D] 3
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and, if we take
¢; =-K[H], (4)

with K constant (big assumption;ﬁ)and let

R = (D/H), (5)

in the cometary source, the solutions to (1) and (2) are
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These relations are discussed in detail in a chapter for Venus II I have written (copy

enclosed).

Early this year my GSFC PV colleagues and I published a paper in JGR, Planets
(Hartle et al, enclosed) showing how analysis of PVO data over several solar cycles
allowed us to determine H and D escape fluxes ¢; and ¢, averaged over the planet and the

solar cycle:

0 = 7x100em =271,






f=044

This is close to the Charge Separation Electric Field Ht flux obtained by Hartle and
Grebowski and generalized by Hartle and myself for solar cycle effects

01(E)= 9x10%cm 2571
f=0.17

It is not a good representation of my "best guess” for the combined electric field, charge
exchange flux (E + CE) (See Hartle et al, Donahue and Hartle, Donahue et al, all enclosed).

;(E +CE) =16x10%cm ™57},
f=0.10.
We can put these values for ¢; and f in (6) and (8), along with the measured value of
R=D/H=150+30

and

P, = 7x10° - 4.2x10%cm 257!
(see Donahue et al, Venus II),
where

1<R(/Ry<2

The funny thing is that the problem is over determined if we have [H], ¢;, R, f,
P1, R¢/Rg given by experiment. This is because the measurement of R at 4.5 Gyr and

K= {¢1/[H]}4,5

means, for any assumed Rg/Rg

is determined. Then in (6)






[[H]] =e_m+(_1>l [H]] f1-e)
[Ho] 45 61 [H,] 4.5
and [Ho /H] which gives the ratio of the original water inventory to the present on is set.
There is no freedom in setting P1/¢; !
I am now in the process of investigating the implications.

I am also preparing to have a go at calculating the charge exchange contribution to
hydrogen loss rates, using realistic models for exospheric H, HY, D, D+, and ion
temperature from PV data. This has never been done properly. Hodges and I have
proposed doing this a couple of times, but Hodges has not been funded for his part. I hope
to get his "unfunded"” help in closing this embarrassing gap in our knowledge.

I have presented papers on Cytherean and Martian Water at the European
Geological Society Meeting at the Hague and at the Pale Blue Dot workshop recently at
NASA ARC.

During the final year of this grant I propose:
a) to finish the calculation of charge exchange loss rates of H and D from Venus;

b) to continue to analyze Galileo Probe Neutral Mass Spectrometer data after
MODA support terminates on April 30, 1997.

c) To begin work on the sulfur chemistry and redox state of the atmosphere of
Venus.

Sincerely,

Thomas M. g;ﬁ\
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The Galileo Probe Mass Spectrometer:
Composition of Jupiter's Atmosphere

Hasso B. Nismann, Sushil K. Atreya, Qeorge R. Carignan,
Thomas M. Donahue, John A. Haberman, Dan N, Harpold,
Richard E. Hartle, Donald M. Hunten, wWayne T. Kasprzak,
Paul R. Mahaffy, Tobias C. Owen, Nelson W, Spencer,
Staniey H. Way

The composition of the jovian stmosphere from an aitituds marked by an atmospheric
pressure of 0.5 to 21 bars was determined by & quadrupols mass spactrometer on the
Galileo probe. The mixing ratio of He (nelium) to H, (hydrogen), 0.156, is cl08e 10 the s0IN
ratio. The apungances of methane, witer, argon, neon, and ditydrogen sulfide were
measured; krypton and xenon were detected. As measured In the jovian atrmosphere, the
amourt of carbon is £.9 times the solar abundance relstive 10 Hg, the amount of sutfur
is grasterthan the solar abundance, and the amount of oxygen is much less than the solar
abundanes. The neon abundance compared with thet of hydrogan Is about an arder of
magnitude leas than the solar abundance. 1sotopis ratios of carbon and the noble puses
are consistent with solar vaiues. The messured ratlo of deutertum to hydrogen (D/M) of
(8 = 2) X 10-* indicates that this ratic s graater In solar-systam hydrogen than in local
imarstellar hydrogen, and the SHe/*He ratio of (1.1 = 0.2) X 107 provides a new value
for protosciar (S0’ nedula) heilum isotopes. Together, the D/M and *Me/*Ha ratios are

consistert with conversion In the sun of prutosciar deuterium to present-day *He,

Determination of the compositian of Jupl.
ter's atmosphere should constrain the rela.
tive importence of direct contributions to
the atmosphare from the solar nebula itself,
on the one hand, and from large icy or
rocky objecta present in the early outet solar
syscem, on the ocher. The contribution of
these “planctesimals” could have been in
the form of an enrly atmosphere around
Jupiter's primitive solid core or in the form
of valatiles they carried to the planet after it
began to acquire its armosphere of H and
He from the solar nebula (1, 2). The degree
of resemblance berween the sun's armo-
sphete and that of Jupiter in the abundanc-
es relative to H of slements such a5 C, N,
and O should be decisive in providing the
requited conscrnints,

Bofore the direct, in situ maasurements
reported hers, remota spectroscopic sensing
from Farth and from spacecraft had indicac.
ed that the relative abundances of C (in
CH,) and N (in NH,) ware greater than
the tolar sbundances d. 4). Phosphine and
water vapor had been detected, but their
abundances below the clouds were uncer-
min, and H,S und the noble gaees other
than He had not been detacted at all. De.

H. B. Nemarn, «. A. Haberman, D. N. Harpoid, R. C.
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determining the isotopic ratios of their con-
stituent elemends (5). Signals were recorded
from over 6000 individual values of mass.
to-charge ratio (m/y). The data recurned by
the instrumenc have led to the discovery of
s new atowplwric comstituents and the
measurcment of numerous abundances and
isotopic ratios. The gas sampling system
admirted the jovian atmosphere through
low-conductance leaks to the ion source of
a quadrupole mass analyser. The ion source
was pumped by a getter and the analyser
volume pumped to a much lower premure
by a getter backed by & spurter-ion pump.
One inlec (direct lesk {; DL1) wm open
from 0.52 to 3.78 barn; the ocher nlet
(DL2) functioned from 8.21 bam to the end
at about 21 bary (8).

Figure 1 shows a sample mam spactrum
from the 3-bar reglon at 228 K, before any
significant water cloud was @ and
another one from the !1.ber region, where
the 350 K temperature assures that the

be was far below any water condensation
mel. Cumpurisun uf the twu spuctra shows
a large increase in the sccond dirsce leak of
KO and NH,. In fact, the dasign of the
lesk 1 sampling system, with s relatively
long vacuum path to the lon soutce, pre-

clues to the sources of volatile compounds - cludes a sensitive detection of the surface

before

An accumte direct mensurement of the
abundances of He and the other noble gases
is imporwne for undemtanding huw Jupiter
has processed its constitucnts. Abundanccs
lens than shess—efdve wolar values woul
signal the formation, in the metallic interi.
or of the planet, of a separate He phase.
some of which has precipitated deepet into
the interior. Remote sensing had indicated
& modest depletion of He, but this indirect
result is much less satisfactory than the
direct sensing by two of the Galileo Instru.
meTKs hese.

The Gallleo probc mam spectromater
{GPMS) was designed to measure the mix.
ing ratios of major and minor species while

in Jupiter'y drmosphere were not aysi
tbﬁt:emmof :

“t.e___spheric region sampled by

and NH, in the atmo-
is leak. Raw
counts shown in these spectra must be cors
rected for the counting syster dead time,

e efficiencies of the fon ource and the

mping systcm vary from speciss to spe-
cies, and the serwitivity factors, which are
different for the twn direct leaks, must be
individually determined. In most cases, we
used preflight calibrations, but for the most
important species we were able to do some
recalibrations on the spare instrument.
With the direct leaks, the background lgval
was typically berween O and 3 counw. Two
background messurements  demonsteaced
that the inscrument arrived at Jupiter in o
very clean stave and quickly lnst it memory
of almost all gases contrtbuted by DL1.

ctive species H,0

Tabie 1, Mung retios 10 Ny ANd IBCIOPIC ratios IN the jovier uiii e ere. Blank spaces iNdiCats o,

Ratio to

Spacies Jovian stmosphers v-:ur Prior resuits Refsrances
e

‘e 0.158 = 0008 o.M 0.11 (1213

HNe (2.3 + 0.26) x 10-¢ 0.10

Wpy (1.0 = 04) x 10=¢ 16

halo'S =08 x 4x107° =8

138%s =5 = 2.6) % 109 = 80

CH, (2.1 = 0.18) x 10-3 3 2.2 x 102 (3 4

HeO %37 = 0385 x 0 %02

Ny =38 = 0 x10-¢ =18 25 x 10~ {10

Hy® ("7 = 0.5 x 10-¢ 22

o | (58 = x10-8 (2.0,3.8) % 10—* (17-19)

Yia/*He (1.* = 0.4) x 10"

R AL o} 0.0108 = 00008 1.0

SCIENCE ¢ YOL ses © www |99
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Fig. 1. Sampie Mass spectre. THe IRECtra in (A) Were ODTINeC tvough DL1 between pressures of 2.72 and 3.08 bar, witn amplent temperstre al 238 K. The
apactra in {B) were colained through DL2 between pressures of 10.6end 11,3 ber, with ambient temperature at 380 K. No oorreotions heve been made for dead

tima or for differant eficiencies at cifferent Masess.

Table | shows the mixing ratins {num.
ber deruities relacive to H,) of species that
ware detected and for which reliable men.
surements could be made. Ervor estimates
are roughly 1o and represent the data xcat-
ter about the average value. Some of the
observed mixing ratios can be compared
with thowe fur the olur wystem as complied
by Anders and Grevemc (7), commonly
referred to as the solar abundences. Also
thown are resulta nf exrlier analyses based
on Vovager or Earth-based spectra.

The jovian He/H, natio, 0.156 = .006,
is the avernge of 14 individusl measure-
ments from DL1 (C.157 = 0,006) snd 4
from DL2 (0.151 = 0.004). All the other
noble gases were detectad, and they wre

clemenlly fractionated. The Ne ratio o %

is about an order of magnitude less than the
solat ratio, whereas for Ar the mtio is slight-
ly graater. Kr and Xe were clearly detected:
upper limita on cthe mixing ratios are tespec-
tively 5 and 50 times the solar values. For
all four of che heavier noble gases, the
isotopic ratics are clos to the solar valuss.
The He/*He and the D/H ratnios were
determined from sn analysis of che J umu
(utumic mas unic) data. This analysis b
complicatcd by the need to correct for H,*
produced in the ion source and to distin.
!llilh hatweea the contributions of HD and
He. H,* (s generated in one of two ways:
by dissociative fonisation of CH, ot by a
two-body ion-molecule reaction berween
H,* and H,. The efficiency of H,* produc.
tian could be determined during the wcond
buckgivund sudy when fittle H, snd He,
but o considerable amount of CH,, existed
in the lon source and CH, was the only
important source of 3-amu ions. During pre-
flight calibration, when the Hypressure in
the GPMS was varied over & mnge,
the HD/H, mtin for the labortory .
ple and the effictency of H,~ produc n

DL1 and D12 were npmmly determined.
During probe descent, the *He/*He mtlo
was determined from J-amu and 4-smu data
obtained with the noble gas call (NGC)
ample (6). H n was effectively absent
from this gws sample. The result, 1.1 X 1074
(Table 1), indicates that He in the jovian
scmosphere has  amaller proportion of YHe
than the protoselor He found in metsorites,
where SHe/*He = (1.5 = 0.3) X 1074 (R).
Evidently, the “protosciar" He tsotopes in
meteorites do not, in fact, reflect the values
that existed in the solar nebula.

With the He mixing mtio and H, " pro-
duction effictencies in hand, the i-ID/H
mrio was determined from the DLI umi
DL2 data at 3 amu and 2 amu. During DL2
mmpling, the electron energy in che ion
soutce was reduced at times from 75 eV to
2% eV ot 15 eV. Few and no He ions,
respectivaly, were produced under these
conditions, and the ratios of the J.amu rate
to the 2-amu rate provided an upper limit to
HD/H, (amuming no H," production) of
(1.1 £ 0.3) X 107* The average value of
HDVH,, resiured from inlet 2 dats, was just
at thia Lindc, The mtlos mensured in inlets |
and 2 were almost precisaly the ssme. The
2QIC (sotopic ratio was determined with
high precition in DL1 dats where the con.
tribution of NH; at 17 amu was nagligtble.
The ratio is exactly that of the solar values.

Reasonably good agreement wms found
for CH, mixing mtios in DLI end DL3,
within the calibration uncerainty of
£20%. This determination indicates that
stmaorpherie '2C &4 mors abundant by ¢
factor of 3 relative to H, than in solar
systzm material. The mesmsured mixing ratio
of H,S In the well-mixed atmosphere be-
tween 8 and 11 bars incremsad by @ factor of
4 with depth, There was a tentative detec.
tion of HCl, Water vapor and NH,

SCIENCE = VOL.ese ¢ 0001996

their densitles in the ion source may lag
behind those in the gas stream. The mes-
wremnents made while DL2 was open should
be the most reliable, but chey were made
just after enrichment cell 1 (EC1) was
closed, Some of the NH, and H;O detscted
in DL2 may thecefore have been contribut-
¢d by outgassing of this adsorbed gos In the
prasence of chundant Hhnd He (9). Hence,
for tha present, enly limits can be set
for these molecules. The comstraint for
NH,, 16 times the solar value, is wenker
than the existing estimate, 1 o 1.3 timas
the oler value, from analysis of Jupiter’s
microwave emimion spacerum (10). The
linic on water vapor, 0.2 times the solar
valug, is significant in view of the solar or
greater values found for the other volatiles
C. N, and S.

Two- and three-hydrocarbon species ap-
peared to be present. The direct leaks
showed no sign of any hasvier hydrocar-
bons. Upper limio for the mixing ratios of
these heavy hydrocatbon species are ~1

Cur He/H,; mtio (0.156) agraes aimost
cxsatly with the raclo of 0.157 obtained by
the helium abundance detector (HAD) on
the Galilen probe (11); some of the impli-
cations of this mersurement are discu
elsewhere (11). This value is coruidersbly
larger than the value of 0.11 obtainad from
Voyager data (12), but is lictle (if any) lem
than the value for the present sun. The
prutasolar value, deduced from evolutionary
models of the sun, is probably & more tele-
vant standard and is 18% greacar (11). It s
widely believed that Satumn's stmosphere,
with o He/H, ratio about one-fifth of the
protosolar value, has been depleted of He by
rain-out of He droplets in the tntertor (13,

4). The GPMS and HAD resuls agrex
i in suggesting thae

witheilre=iteygertmme
reudily ndeorbed on metal surfaces, md&thc same procem must operate at Jupiter,

ane
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though not to the same extent. This lom of

He is & likely explanation of the Na deple-

tion obssrvad by the GPMS, {f the solubllity

?f;;e tn He is as large ne hns been siggasred
15),

The value of {8 £ 2) X 10~} deduced
for D/H from HD/H, is higher than the
mtios derived from hﬂh spectro-
scoplc observations (16, 17): (2 = 1) X
10 * from CH,D/CH, and (2 = 1) x 10~*
from HD/H;. It ugrees well wich the valuc
found in & recent analysis of Voyager infre-
red spectra (1801 (3.8 £ 0.5) X 1072 The
jovian D/H ratlo should be the same as the
protosolar or solar-nebulsr valua because
the nebula was the source of Jupiter's hy-

. [The terrestrial ratic is 1.6 X 1074}
The sun converted all its D to *He ently in
its history; thus, Oeiss (8) argued that the
original D/H tn the solar nebuls should be
equal o the difference between the ‘He/
“He ratios in the solar wind snd in meteor-
ites, which should contain nebular He (19).
Geise’s value for proranlar TVH 1s (2.6 >
1.0) X 10~% and this overlsps the OPMS
value, Substituting the new determination
of protosolar 'Hef*He = (1.1 = 0.2) X
10~* for tha mateoritic one, the same argu-
ment would yield D/H = (3 = 1) X 107,
a value that s closer to thac derived directly
from HD. It is clear that DfH on Jupicer is
distinetly higher than the valuc of (16 =
0.1) X 10=7 found in loesl interstellar H
(20), an expected from the steady destruc-
ton of D in the galaxy by stellar nucleosyn-
thesis during the last 4.5 X 10° yeans,

Esrth-based imaging (2!) and the re-
markably smail number of cloud particles
detected by the nephelomecer experiment
(22) indicate that the probe may have de-
scended inw un uisusally clear part of the
jovian atm . An obvious cxplanation
is cthat the region was one of subsidence,
like most clesr reginna on Eaeth. Our H,0
sbundance value. then. may be las than
the planetary nvcor:g-. although this result is
unlikely. In 2 cloud, the relative humidity
should be just over 100%, and this is con.
sistant with the compeehensive analysis of
Voyager spectra by Carlson ¢t al. (18), The
corresponding profile of water vapor has »
scale haight of about 3 km, If, for example,
the relstive humidity is reduced by a down.
deaft from to 90%, the amount of
subsidegef required is 3 [0(90/100) km, ot 2
mere /0.3 km. Our measurerents were
made at far greater depths than the expect-
ed condensation level (3 or 6 bars); to
perturb the humidity at such a deep leve!
would require # duwndmft extending over a
range of weil over 8 scalc height, far more
than needed .lmil.y to clear out the clouds.
Thete remaina the possibility of a global-
scale circulation, perhaps upward at high
latitucdes and downward st low.

The largs astmospheric abundance of C

301 2006 17506

suggests that sources other than the gas of
the solar nebula contributed a signiticont
share of the volatiles in the envelope of
Jupiter. Thase elements and water should
have been in the condensed phase in the
neighborhood of the nccreil}g Jupitar. One
possible explanation for a deficiency of wa-
ter was proposed by Gaucter and Owen (4,
4): most of the planctesimals accreted ©
the rocky, lcy core of the embryu plunet
mther than being collected after the planct
began to emoss its gaseows envalope from
the miﬁbadng solar nebula. Warer vapor,
heing the least volatile, remained close to
the core, whereas gases like CO, CH,, and
N, could mix with the nebula-derived en-
velope, enriching it in C snd N. Although
this scenario could reproduce the observed
abundances, it must be tested by rigorous
modeling. If there was a large mass of lute-
accroting planctesimals, the low relatve
sbundance of etmospharic H,O requires
them to have been rich in carbonacenus
materials and daficient in O. [t has been
customary to sssume that outer solar-tystem
planetesimals resemble the lemst.altered
catbonaceous chondrites that fall to Earth,
which contain more O than C (23), but
there are many that are much drier. The
mean densities observes for numy sateilices
in the outer solar system have boen ex-
plained by amsuming s rock: ice ratio of
order unity, hue perhaps much of the low.
denmity material in carbonaceous rather
than tey.

If our results are representative of the
encire planet (24), they preclude models in
which several Earth masses of late-accret-
ing, water-rich planetesimals deliver vola-
tiles to the juvian envelope (1), There isno
sign of che densc water cloud, ot the corre-
sponding vapor, invoked to explain waves
spreading from the Shoemaker.Levy 9 im.
pacts (25). Water vapot observed In the
Impact plumes probably came from the im-
pactoms, not Jupiter, as suggested (26).

ﬂ-J-'m.Mw. J. Buppt
.T.Owenand A. Sar-Nun, oave 118,
T

oo,
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Chemical Composition Measurements of the Atmosphere of
Jupiter with the Galileo Probe Mass Spectrometer
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ABSTRACT

'The Galileo Probe entered the atmosphere of Jupiter on December 7. 1995,
Measurements of the chemical and isotopic composition of the Jovian atmosphere were
obtained by the mass spectrometer during the descent over the 0.5 to 20 bar pressure
region over 8 time period of approximately 1 hour. The sampling was either of
atmospheric gases directly introduced into the lon source of the mass spectrometer
through capillary leaks or of gas which had been chemically processed 10 enhance the
sensidvity of the measurement to trace species or noble gases. The analysis of this data
set continues to be refined based on supponting laboratory studies on an enginecring unit.
The mixing ratios of the major constituents of the atmosphere hydrogen and hellum have
been determined as well as mixing ratins or upper limits for several less abundant species
including: methane, water, ammonia, ethane, ethylene, propane, hydrogen sulfide, neon,
argon, krypton, and xenon. Analysis also suggents the presence of trace lavels of other 3
and 4 carbon hydrocarbons, of propane nitrile, phosphine, hydrogen chloride, and of
benzane. The dats set also allows upper limits to be set for many species of interest which
were not detected. Isotope ratios were measured for *He/'He, D/H. "C/“C, "Ne/“Ne,
®Ar®Ar and for isotopes of both Kr and Xe.
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INTRODUCTION

The determination of the composition of Jupiter's stmosphere and the comparison with
solar abundances is of interest from the point of view of understanding both the nature of
the formation of this planet through mechanisms such as direct capture of nebular gas or
infusion of icy planetesimals and the subsequent evolution of its atmosphere by
precipitation of constituents into the interior. Although remote sensing from Vayager and
other spacecraft and from ground based observations had constrained the relative
abundance to hydrogen of hellum, methane, water, ammonia, phosphine, and other
species prior to the Galileo Probe entry, sampling below the cioud layers was only
possible for many species with the insitu measurements enabled by the Probe. Isotopic
determinations which had been obtained by earth based spectroscopy for some species
such as deuterium (Smith, et al., 1989, Carison et al., 1993] could be measured for a
broad range of species with an insitu mass spectrometer mensurement.

Preliminary analysis of the Galileo Probe Neutral Mass Spectrometer (GPMS) data
[Niemann et al., 1996) gave isotope ratios for the noble gases, D'H, and C/'C, and

abundance rados to hydrogen for hellum, methane, neon, argon, and hydrogen sulfide as .
well as upper limits to the mixing ratio for water, ammonia, krypton, and xenon in the 9 wﬁ"’

to 12 bar region of the atmosphere. Continuing analysi GPMS data since this &\”’o
preliminary report has established the presence of the additional species ethane, g

and propane, suggested the presence of hydregen-chlofide, benzene, and propane nitrile, . o

and demonstrated an unexpected and substantial increase in the abundance of water, Jasc o

hydrogen ulfide. ethans nd other species with increasing depth into the atmosphere over 33&" o

the 11 bar to 23 bar pressure regime. It has been suggested [Atreys 77, 1996, Owen et al., .

1996] that this increase may be due to the probe entry into i W

large scale vertical atmospheric circulation stucture which has an arypical sbundance

many species compared to the giobal aversge, This depletion is attributed to precipitation

of gases moving upward through the cold region of the adjacent member of the - D“Q

circulation cell. N ot
156

EXPERIMENT DESCRIPTION

Instrument Description

The instrumeat has been described (Niemann et al., 1992]. The instrument consists of a
quadrupole analyzer mass spectrometer with a mass range 2 10 150 amu. The ion source
had » magnetically confined electron beam emitted from a hot filament. The electron
energy was nominally 75 eV with occasional 25 eV and 15 ¢V measurements. The ion
detector was an clectron multiplier operated in a pulse counting mode. The ion source and
analyzer volumes were continuously pumped by & miniature spuner fon pump and by
chemical getters. The gas sampling system aliowed gas from one of two direct leaks
(DL1 or DL2) or from enrichment cells (EC1 or EC2) to be introduced into the ionization
region of the mass spectrometer. The operation of one of the enrichment calls was
optimized for the detection of rare gases (RQ). Scveral background spectra were taken.
The gas sampling system and other instrument elements are shown schematically in
Figure 1. Figure 2 illustrates the time sequencing of the direct atmospheric
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Figure 1. The GPMS lalet lines, enrichment cells, caplllary leaks, micro valves and other instrument
ejements are schematically dilustrated. From [Niemann ¢t w., 1992].

mwmmmu'thcm 100 .l‘..‘A.lu;.l;u.ll..,..l‘L.L;l“.. 800
background measurement, and the ! : { inin2 1
sampling of the atmosphere by the ' et d ! r’ - 500
enrichment cells over the pressure n ! . L 400
and temperature ranges F 10 1 . -
encountered by the probe. g ‘ - 300 %
: Endchmant %
E - : r 200 §
The gas sampling system allowed 1 Ennit mert £
atmosphieric gas flowing through Coll !
one of two inlet lines to be \ !
sampled directly or after chemical ' v = '1,80
processing by one of two (X1 IS S ——

enrichment cells, The later
measurcments were designed to Pigure 2. The sequencing of the 2 separate inlets and the
provide a cleaner noble gas enrichment cell sampling umes are Hlustrated.
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measurement and an increasad
signal to noise level for trace
species. In addition background
messurements were taken at 3
intervals during the descent
sequence. The measurement
sequence over the 6863
integradion steps during which
data was transmitted and the
esilmated effect on the pressure
in the mass spectrometer jon
source is fllustrated in Figure 3.
The detailed step number and
the time at which each
sequence was initiated is
summarized in Table 1 together Figure 3. The descent sequence is jllustrated by

with the approximate temperature  showing the spproximate jon source pressure st

and pressure at the stant of the various periods during the descent, Background
sequence as derived from the measurement periods and enrichment cell periods are
Atmospheri¢ Structure Experiment  also illustrated.

[Sief, ot al., 1906).

104
10

10’

Saswpling
Evkrweent Coll 2

Fgh Mass Reeghsion
Scans 4l Selected Uasses

10!

9

Approximale ion Source Pressure (mb)

B Y
0 % &

VIOA lnd VIOB open
all source inlet valves closed
V2, V3 closed, V4 open
V1, V2, V5 closed, H3 on, V3,
Véopen
B2 (background 2) 3097 1 1861 306 7.3 | all sourcs inlet valves closed

‘DL 2a (direct leak 28) | 3482 | 1753 321 8.6 | inlet 2 open, all other source
inlet valves closed

EC2 (enrichment cell 2) | 4442 | 2233 353 12.1 | V8, V12 open, V7, V9 closed,
C2 heated by H6, signal
through L4 is added to that
from 1.2 which has no shut off
valve

DL2b (direct leak 2b) | 5331 | 2677 | 381 15.7 | V8 closed

LI '(auac: Jeak 1)
B (background 1)

RG (rare gas)
EC1 (carichment cell 1)
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Insoament Pasformancs

Although several of the probe experiments were affected by the greater than expected
thermal coupling to the probe interior of the Jovian atmosphere [Young et al., 1996], the
data set from the mass spectrometer was relatively little impacted. This was due, in part,
to the protection of thermal inertia of the intemal pressurized housing which had been
implemented to avoid electrical discharge at certain pressure ievels during the descent.
Temperatures in the Instrument electronics varied from approximately -10 C several
minutes into the descent to approximately 70 C near the end of the probe mission.

The response of the detector to changes in the sampling system for several selected
masses over the course of the descent is illustrated in Figure 2, The signal Jevels during
the background measurement periods and the enrichment cell periods indicated that

valves and heaters performed as expected
pressure (oar)
5 10 13 20

To+d A . "

DLt Bt EC1|BR| Oi2a EQR DL2b
1947 4 2 amu

| 1) "
1.‘0" “ /
1048
10 amy

Toed Y .

1043 e

- T
10+l - \ \

s e

0 1000 2000 3000 4000 8000 8000 7000
step rumber

Pigure 2. Detector counts for sciected mass values are shown over the entire descent
sequence. Relauvely Jarge increases in the count rue at masses 18 and 30 afer EC2 are
evident. The counts have bees corrected for detector dead time effects. These comections are
valid over the entlre desceat for the counts shown at 30 amu, 18 amu, and 16 amu, However,
in the later portion of the DL2a region, the EC2 region and the DL2b region the detector s
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nearty saturated a1 2 and 4 amu and for these measurements the form of this correction is not
valid.

The variation in ratios of the counts/period in the DL1 and the DL2 region for the
different mases illustrate the need for independent calibrations for the two capillary leaks.
This Is true, in general, for each separate species. DL2 introduces the gas into the
jonization region in a direct beam path from the end of the capillary leak and a portion of
this gas is ionized before it tharmalizes with the walls of the chamber. The path to the
jonization region from DL1 is more indirect becausc of the requircment to close valves
V10aand V10b after the first segment of the measurement ls complete.

COMPOSITIONAL ANALYSIS

Summary of Previous Results and New Findings

We have previously reported abundances of 0.156 + 0,006 for He, (2.1 + 0.15) x 10” for
CH,, (7.7+0.5) x 10° for H,S and upper itmits of (3.7 + 0.3510" for H,0, 3.5 + 0.3) x
10° for NH,, (8.5 +0.4) x 10° for Kr, and (5+2.5) x 10” for Xe. The helium to hydrogen
ratio is in excellent agreement with the value derived from anothet Probe instrument the
Helium Abundance Detector [Von Zahn, et al., 1996]. Methane sbundances were derived
from measurements in both the DL1 and DL2a region. The minimal interference at mass
17 in the DL1 region allow the “C/°C ratio to be established at 0.011 [Nlemann et al.,
1996), identical to the solar valve,

The upper limit of 3.7 x 10" for water previously reported [Nicmann, et al., 1996] was
derived from the region just below 12 bar (prior 1o step 4442 where e enrichment cell
measurement was initisted). This value represents a limit of 0.2 times the solar value.
Howaver, the data shown In Figure 2 shows that the water abundance increased by the
time the enrichment ccll experiment EC2 had been completed and direct sampling of the
atmosphere resumed at 15.6 bar, This rapid increase in mixing ratio is alao observed for
several other species and Is consistent with the view that atmospheric circulation effects
created a large region substantially depleted in condensable species at the higher altirde
regions of the probe entry site. Another example is the variation in mass 30 counts with
step number, also shown in Figure 2.

The DL2b sequence provides data from the deepest part of the atmosphere sampled
before the instrument began to degrade due to the extreme conditions. High quality data
was obiained during the DL2b sequence over the pressure range from 15.6 bar to
approximately 21 bar, This region shows the greatest number of chemical species in the
spectra. In addition to the species listed above we have identified ethane, ethylene, and
propane in the spectra. Our preliminary analysis also suggeats the presence of trace levels
of other 3 and 4 carbon hydrocarbons, of propane nitrile, phosphine, hydrogen chloride,
and of benzene.

Post Encountar Laboratory Calibmtion

The calibration of the flight unit in 1985 sampled a variety of chemical specics postulated
to be present in Jupiter's atmosphere. Several of the specles identified in the GPMS data
were not included in these calibration experiments and we are presently continuing these
experiments with & spare GPMS unit. This calibration Is necessary for quantification of
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mixing ratios since the sensitiviry of the Instrument to different gases varies considerably
from species to species due to the gas inlet and pumping systems.
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Table 1 thows the mixing ratine {num.
ber denaities relative to H,) of species that
were detected and for which meliable men.
surements could be msde. Eror estimates
are roughly 10 and represent the date acat.
ter about the sverage value. Some of the
observed mixing ratios can be compered
with those fur the wlar syscem as complied

ODTWINSC twough OL1 between Draseurss of 2.72 and 2.08 bar, witn amblent lempersture ot 288 K. The

DL] and D12 were leplmaly detarmined.
During ptobe descent, the ‘He/*He mdo
was determined from J-amu and 4.¢mu data
obtained with the noble gas call (NGC)
sample (6). H n was effectively abserk
from this gu sample. The result, 1.1 x 107
{Tubls 1), Indicates dut He in the jovien
» re has » smaller proportion of JHe

of 10.80n¢ 11,3 Bar, with amblent Sempareture at 360 K. Ne oorrections have been rede for dead

wel

be the most relisble, but they were made
just after enrichment cell 1 (BC1) wes
closed. Some of the NH, and H;O detscted

by Anden and Creveme (7), commenly  then ¢ protosolar He found in metsoritss,  presence of s t He (9). Henee
referred to a8 the solsr sbundsnces. Ao where 'He/*He = (1.5 * 0.3) X 1074 (R). for the present, only limits can be et
shown sre results nf earlier analyses based  Evidently, the “protosoler” He isotopes In  for these mo The consersint for

on Vovager or Earth-based spectna.

The jovian He/H, natio, 0,156 = 0.006,
is the 14 individusl measurs-
ments from DL1 (C.157 = 0.006) snd 4
noble gases were dewsciad, and they wre
ciemenlly fractionawd. The Ne ratio to %
is sbout an order of magnituda Less than the
solat tatic, whereas for Ar the mtio is elight.
ly pnm.Knnchmdndvdmaed:
upper limita on the Mixing ratios are reepec-

meteorites do not, in fact, reflect the values
that existed in the solar nebuls.

With the He mixing ratio and H,” pro-
duction efficiencies in hand, the l-lD/H
o was decermined from the DL ..j
DL2 data &z 3 amu and 2 smu. During DL2
mmpling, the slaetron energy in the ion
soutca was reduced at times from 7S oV to
25 oV or 15 eV. Few and na He iom,
respectivaly, were produced under thase
conditions, and tha ratios of the Jamu

T
tivaly § and 50 times the soler values. For to the 2-amu rate provided an limitso  bone Upper limin for the mixing tstios of
dlfo\uofdnhuﬂuncbhrth HD/H, (amuming no H," production) of these heavy hydrocarbon species are ~1
isotopic ratics are close 10 the solsr vahuss. (L1 £ 0.3) X 10~* The avernge velue of  ppb.

The *Hef'He and tha D/H ratios were
datarmined from sn analysis of che 3 wmu
(meanic mase unit) data. This analysis te
complicated by the need to correct for H,*
produced in the ion source and to distine
!ui;h hatween the contributions of HD and

He. H,* s genersted in one of two wayn:
by dimociative fonizstion of CH, ot by a
two-body ion-molecule teaction between
H,* snd H,. The efficiercy of H,* produc.
non could be derermined during the second
buckground study when Hetle Hy snd He,
but o considerable amount of , axinted
in the lon source and CH, was the only
important source of 3-amu ions. During pre-
flight calibration, when the re in
the GPMS was varied aver o ange,
the HD/H, mtin for the laboratoty .
ple and the efficiency of Hy ™ produc

HD/M,, messured from inler 2 dacs, wae st
ut thh‘hulh The matios messured In Inlets 1
snd 2 were almost precisely the sems. The
OASC (sotopic ratlo was determined with
Mﬂu"‘dm in DL1 dats where the con-
tribution of NH; at 17 amu was ble.
The ratio is axsctly that of the solar veluss.

Raasonably good agresment was found
for CH, mixing ratios in DLI end DLI,
within the caltbrstion uncerminy of
£20%. This detesmination indicates that
stmospherie '3C (s mors sbundsnt by »
factoe of 3 relative tn H, than m solar
system material. The mensured mixing retio
of H,S In the wellomixed atmosphere be-
tween 8 and 11 bars Increased by a factor of

4 with depth. There was a tentative detec- _JI4). The GPMS and

tion of HCL Water vapor and NH,
remdily whortbed on metal surfaces,
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Ow He/H; mto (0.156) agrem simost
exaedy with the recio of 0.157 cbeained by
the helium sbundance detector (HAD) on
the Galileo probe (11); some of the impli-

of measurement

Voyager data {(2), but ta lictle (if any) lam
than the value for the present nun. The
pnx_hrvllm.do&mdfmm
models of the sun, & probably & more tels-
vant standard and (s 18% grantar (11). It s
widely believed that Saturn's atmosphers,
with » He/H, rario about one-{tfth of the
protosolar value, has been depleted of He by
rain-out of He droplets in the tntenoe (13,
HAD resuls s
in suggesting that

iththie-eyugercmee
nd&dn same process must operate At Juplter,

aij——'






04-24-199C 15:01

Ailbet NI kR BL RN 4 408 BN MW SR

though not to the seme extent. This low of
He & & likely explananion of the Ne deple-
tion chesrved by the GPMS, ¥ dhe solubllity
of Ne (n He i3 s Jarge s hos been miggnarad
(15),

The value of (3 = 2) X 10~ deduced
for D/H from wh than the
mtics desived from spectro-
scopic obsarvations (16, 17): (2 = 1) X
10 * from CH,DICH, and (2 = 1) x 10~
from HD/H,. l‘u'n-wdlvldnhcvaluc
found in a recent analysis of Voyager infre-
rod spectra (18): (3.8 = 0.5) X 10-%. The
jovian DYH rado should be the same as the
protaler or soler-nsbulsr valus because
the nebula was the source of Jupiters h}-
drogen. [The terrestrial rutio is 1.6 X 107¢]
The sun converted ofl trx O to 'He esrly in
its history; thus, Uelss (8) argued that the
arignal DyH i the solar nebula should be
aqual w the difference betwwen the ‘He/
*He ratios in the solac wind and in meteor-
ites, which should contain nebulse He (19).
Geise's value fav prorranler IVH s (28 =
1.0) % 10°% and this overlaps the GPMS
value. Substituting the new determination
of protosolar 'Hef*He = (1.1 = 02) X
10~ for the meceoritic coe, the same argu-
mant would yield DYH = (3 = 1) x 1074,
s value that 1s closst @ thac dertved directly
frorm HD. It iv cleas tha: DYH on Jupites is
dimdyhl’hrdmd\cnhu of (16 =
0.1) X 10~7 found n local interseellar H
(20), m axpeactad from the sready destruc-
don of D in the galaxy by seallar nuclecsyn-
thesis during the last 4.5 X 10° years,

Earth-besed imaging (2!) and the re-
markably small number of cloud particles
detected by the lomecer experiment
(22) indicats that the probe may have de-
scended nw wn unusally clear part of the
jovian atmosphere. An obviow
b that the region was one of subsidence,
like most closr reginna on Earth. Our H,0
shundance valus. then. mey be lew than

] st gt e oy 1

should be just over 100%, and this Is con-
sistent with the comprehensive analysts of
Vorsger specrs by Carleon ot al. (18). The
Ing profile of water vapor has s
scale haight of sbout J ks, If, for example,
the relative humidity is reduced by a down.
draft from o 90%, the amount of
wbsi raquired is 3 1n(90/100) ken, o 8
mere #0.3 km. Our measurements were
mede at far grester depdw than the expect-
ed condensation level (35 or & bars); to
perturb the humidicy at such a deep level
would require » duwnddralt eatending oves a
range of well over 8 seale height, far mors
than needed simply %o clear out the clouds.
Thete remsins possibility of s global-
acale circulation, perhaps upward st high
Iatitudes and downwerd

st Jow.
The largs smospheric sbundance of C

301 20C 1750

suggests that sources other than the gas of
the soler nebula contributed o up\lﬁuu
share of the volatiles in the envelope of
Jupieer. These elamenss and water should
have been in ad;cd“emdcmd ;}h-n lndli:
neighborhood accreting Jupitsr.

possible explanation for s deficiency of wa-
ter wae by Gsutier and Owen (4,
4): mousc of the planetesimals sccreted
the rocky, iy core of the embryu ptanet
mather than being collected after the planct
began to amass its gasecus envelope from
the nei ng solar nabula. Water vapor,
heing the lesst volatile, remainad clom
the core, wheress gases like OO, CH,, snd
N, could mix with the nebula-derived en-

modeling. I thase was s large mass of lute-
accreting planctasimals, the low relative
abundence of etmospheric H,O requires
them to have been rich in "
materials and deficient in O. It has been

planetesimale resemble the
catbonaceous chondrites that
which contain more O than
there are many that sra much driez. The
mean denalties observed fr oy seseilices
in the outer solar system have boen ex-
plained by smsuming a rock: lcs ratio of
order uniry, hue parhaps much of the low.
density material i

If our results are represencative of the
enrire planat (24), they preclude models in
which several Barth masses of late-sccret:
ing, water-iich planetesimaly dediver vola-
tiies to the juvian eavelope (). There s no
m the denec nnr:.:lad. .:l:\: corre-

ing vapor, invoksd to in weves
smndlﬂn'. from tha Shoamaleer.Levy 9 (m.
o 0 Yo e sl
impact piumes y camne
pectons, not Jupiter, 85 suggested (26).
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Infrared remote soundings and in situ mass spectrometric measurements place the present water vapor abundance in
the lower atmosphere of Venus at 30 + 10ppm, and there is some evidence of spatial and temporal variability.
These measurements also agree that the D/H ratio in this water vapor is 150 * 30 times that of terrestrial water. No
other hydrogen compounds are present with mixing ratios as large as 5 ppm v/v. The significance of these
measurements for the evolution of water in the planet depends on the history of escape of hydrogen and deuterium
and their replenishment by exogenous and endogenous sources - such as comets and volcanoes. A charge separation
electric field driven upward flow from the night side bulge region produces escape fluxes averaged over the entire
planet of (1.5+0.2) x10’cm~3s-! in H* and (5.6 £1)x10*cm-3s-! in D* during solar maximum (fractionation
factor - 0.15). Very serious depletion of H* and D+ in the bulge during periods of low solar activity reduces the
escape to (.15 these rates. The solar cycle average loss rates are (9+1.0)x105cm-*s' for H and
(3.210.6) x 10*cm~2s for D. Until charge exchange loss rates are calculated for atmospberic models that conform
to Pioneer Venus observations they can only be estimated. The best guess is that H escapes at rates between 9 and
7x10%cm-2s~! during the solar cycle so that the solar cycle average is 8 x 106cm-3s-. The fractionation factor
should be small - about 0.02. The total flux could be as large as 1.7x107cm-?s-! and as small as 9 x 10*cm-2s-!
depending on the actual charge exchange contribution. The loss rates can aiso be calculated from the solar cycle
modulation of bulge densities. For hydrogen, a solar cycle planet-wide average of (6— 7.5)x10%cm-%s is
deduced. f is very large - 0.44. This result suggests that the electric field driven flow in the thermosphere is
responsible for the entire escape flux of about 8x10¢cm-2s-1,0.15<f<0.44. If today’'s water vapor is
predominantly a remnant of an ancient supply of water and the fractionation factor has not changed, Venus has lost
the equivalent of at least 4 meters of liquid water spread uniformly over its surface - 0.12 percent of a full terrestrial
ocean (fio). This lower limit would be 30 times larger if f is 0.44. If there is a source of water with
D/H=16x10", the amount of early water required to account for today's large D/H ratio increases to something
between 0.6 to 16% of a fto. It is also possible that the water present today has been supplied by outgassing of
highly fractionated water from the mantle, perhaps during a massive resurfacing event.

1. INTRODUCTION

Today, the surface and atmosphere of Venus are very dry. How dry is a question that this
chapter will address. How dry the interior may be is a question much more difficult to answer
and thus one this chapter will consider only in passing. The planet is losing water because






hydrogen escapes into space after water molecules have been dissociated in the upper
atmosphere. Observations made by instruments on the Pioneer Venus Orbiter (PVO) have
greatly improved our understanding of escape processes and their magnitude. This chapter will
examine these findings in considerable detail. The planet’s atmosphere may also be acquiring
water at a rate comparable to the loss rate because of encounters with comets and
contemporaneous outgassing of the interior. Thus, in principle, an appreciable component of the
water vapor in the atmosphere today may have been contributed by one or both of these sources.
On the other hand, much of the water vapor, and particularly the deuterated water vapor, may be
the residue of water Venus acquired as it was being created. It is also possible that the
provenance of much of the deuterated water vapor (HDO) is very different than that of ordinary
vapor (H,0) since the light isotope of hydrogen might be in a virtual steady state balancing
escape and injection of deuterium-poor water while the heavy isotope is mostly a still decaying
remnant of the primordial planetary water inventory. In such a case most of the light isotope in
the atmosphere today could have arrived there relatively recently. This chapter will devote much
of its attention to a discussion of the degree to which the source of today’s water can be
determined. In this regard explaining the remarkably high value of the deuterium to hydrogen
ratio in the water vapor will be the principal objective of the chapter. This review will elaborate
on developments since the last major reviews on this topic were published (Hunten et al., 1989,
Kasting and Toon, 1989).

2. PLANETOGENESIS: INITIAL VOLATILE INVENTORY

There is almost a consensus today that the terrestrial planets were formed by collisions
among planetesimals that grew by accreting gases and dust from the solar nebula during several
tens of million years after the sun itself developed. Models of the latter stages of this process,
after 10¥ -10% gm embryos had been formed, place the maturing planetesimals on very
eccentric orbits that would have thoroughly mixed the material out of which the four planets
were made (Wetherill, 1991). Some or most of the volatile inventory of the planets, including
water, may have been acquired during this phase of accretion. In this case, Venus and Earth, in
particular, should have started with about the same endowment of volatiles, although they may
have had very divergent experiences with outgassing and release of volatiles from their interiors
after they reached their present size. Another very important source of volatiles for these planets
may have been a heavy bombardment by volatile-rich comet-like objects arriving from the outer
solar system toward the end of the accretionary period. The crater record clearly shows that such
a bombardment occurred. How rich the intruders were in volatiles is less evident, but it is
plausible to postulate that they were an important source of volatiles. Again, it is difficult to
understand how they would have contributed very different amounts of volatiles to Earth and
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Venus. On the other hand, singular events such as giant impacts by Mars-sized objects that
caused large scale atmospheric erosion may well have affected one planet and not another, A
recent attempt to explain the great difference in the rare gas abundances in the atmospheres of
Earth and Venus (Pepin, 1991) invokes such a giant impact to power an atmospheric blow off
event on Earth that did not occur on Venus, destroying an initial balance in the two rare gas
planetary abundances. This model also invokes early blow off of a dense hydrogen atmosphere
driven by strong extreme ultraviolet radiation from the young sun to explain the elemental and
isotopic rare gas fractionation patterns.

An alternative to fractionation by hydrodynamic escape to explain volatile abundances is
that the terrestrial planets received their argon, krypton and xenon, already fractionated, from
impacting icy planetesimals (Owen, Bar-Nun and Kleinfeld, 1992). To account for the large
abundance of argon on Venus, a late impact by a massive comet would be invoked. This
proposal has been criticized on the ground that the gases would be eroded in the very impact that
1s meant to supply them (Kaula, 1994). A criterion is needed to determine whether impactors are
to be sources or eroders of planetary volatiles.

Further support for the “twin planet” model is the near equality of the nitrogen and oxidized
carbon inventory. This balance is attained by comparing the CO, converted to carbonate on
Earth with atmospheric CO, on Venus. The conversion on Earth depends on water for the
weathering of silicate rocks and on an ocean in which the carbonate can precipitate. Thus, the
absence of liquid water on Venus is crucial for the difference in presentation of carbon but begs
the question of whether there was ever abundant water on that planet. Among the volatiles
whose abundances have been assessed water is the odd one out.

On the other hand, Lewis (1972) has shown that, during the time when dust and gas were
condensing to form the primitive solar system condensates, the temperature in the planetary disk
at 0.7 AU was so high that minerals containing water of hydration would not have been formed
there. If the terrestrial planets accreted most of their components from material that condensed
near their present orbits, primitive Earth might have contained much more water than primitive
Venus did. Indeed, Lewis (1972) argues that the density differences among the terrestrial planets
can be explained if this is the case, whereas it is difficult to understand the apparently systematic
density variation otherwise. Prinn and Fegley (1989), however, have pointed out that gas-solid
reactions are kinetically inhibited at typical nebula temperatures, so that neither Venus nor Earth
or Mars could have obtained their water this way.

If, on the other hand, Earth received an appreciable contribution of water from a
bombardment of volatile-rich objects at the end of accretion, it is hard to understand why Venus
would not. However, volatiles acquired as a late accreting veneer and those stored in the interior
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of the planet may well have undergone very different evolutionary paths (Pepin, 1995). In
particular, the late arriving volatiles may have been severely eroded by planetesimal impact and
enhanced euv heating not long after their arrival, while those in the interior had to wait for their
release by outgassing processes. Thus, if for some reason the orbits of large planetesimals did
not commonly cross each other in the later stages of accretion, the volatile endowment of Earth
and Venus might have been very different.

3. EVOLUTION OF ESCAPING D AND H

The measurement long considered diagnostic to the determination of whether or not Venus
once had abundant water interacting with its atmosphere is that of the ratio of deuterium to
hydrogen (D/H ratio) in its water today. Most processes by which hydrogen isotopes escape
from a planet discriminate strongly against loss of deuterium, leading to enrichment of
deuterium. If the relative efficiency of deuterium and hydrogen loss -- the fractionation factor --
is known, the ratio of the hydrogen content of a reservoir supplying the escaping hydrogen at two
arbitrary times can be determined from the ratio of the D to H ratios. This is irrespective of the
absolute magnitudes of the content of the reservoirs or the escape flux (unless the net loss of
hydrogen has a zero rate). Thus, if the abundance of hydrogen in the atmosphere of Venus today
(probably in the form of H,0 and perhaps some H,) can also be determined, the present D to H
ratio measured and the D to H ratio in primitive planetary water measured or plausibly estimated,

the size of the early reservoir can be fixed.

If the amount of atomic hydrogen in a vertical column of hydrogen compounds is {H} and
that of deuterium [D], the respective escape fluxes @; and @2, and source strengths P, and P,.

d

’El:Pl’q)h (D
dt

d[D

—[d—tJ'=P2'(P2- (2)

The fractionation factor is normally defined as

¢1/[H)

=0

where
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R =[D}/[H]. (5)
and, in case water is the dominant hydrogen component,

HDO
R= H0] )

Integration of (4) gives the Rayleigh distillationship relationship for the ratio of the size of the
reservoir at some time #, to a later time

__[H(tz)]= R(1) -i—
"= ) (Ry)™ ©)

independent of ¢; and P, if f is constant. If, at 4, [H] is indistinguishable experimentally from
the hydrogen steady state, [Hss], that is if @; = Py, f would be undefined. Eq. 6 then could not
be used to relate [H] at a very early time, 1,, to [H] at 4.

If the effective D to H ratio in the sources is Rs , Eq (2) becomes

——-d([:] =Rs P1 -Rf ¢. M

Egs. (1) and (7) can be integrated, numerically if necessary, provided there is a way to geta
handle on the escape rates and source strengths and how they evolve. An analytical solution can
be found if the hydrogen loss rate is a linear function of the total amount of hydrogen in the
system,

¢: = K[H]. ®

and both Py and P, are time independent.. In that case,

[H] =[Hgs)+[Ho - Hgs] ™™, ©)
[D] =[Dss]+[Do = -DssJe-, (10)

where
[Hss) = Pi/K = giss/K, (11)

with a similar definition for[Dss]. [Ho] and [Do)] are the initial abundances. The ratio of (10)
and (9) (Gurwell, 1995) gives
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Ro([Ho]/Hss) e~/ + (Rs/f)(1—e-f/™)

R(t) = ([HOV[HSSDC-"W +(l—e-t/)

(12)

where

Ty = Hss/@ss. (13)

In a typical case a hydrogen inventory of 8x1022atoms per cm? is being evacuated at a rate of
107 atoms per cm?2s so that Ty is about 0.25 Gyr. R(r) is a function which increases with time
to a maximum if Rg is small. It then decreases with time to a limit

Rss = Rs/f. (14)

This will be the approximate value of R in the extreme or "mature” steady state where neither
[H] nor [D] is any longer varying appreciably with time.

[H], of course, reaches an approximate steady state long before [D] does. During the time
when [H] is virtually in a steady state there is a useful approximation to (12), obtained by setting
the denominator in (12) equal to unity, or setting

P = K[H] (15)
g[;t-ﬂ =0 (16)
[H] =[Hss] 17
in (9). Then
Ri(t) = Rs/f +[roRo - (Rs/f] e~#/5H (18)
where
ro = r(0,%) = [Ho[/[Hss]. (19)

This approximation has appeared several times in the literature with [Hss] set equal to [Ho].
Sometimes this has not been appropriate, particularly in the late stages of Rayleigh fractionation
of an early reservoir [Ho], where the hydrogen escape flux and the hydrogen source strengths are
approximately in balance and R very different from R;(¢).

The behavior of R,(¢) in the approximation (18) is strongly dependent on ro. Long after
[H] has reached a virtual steady state, [D] can be much larger than [Dgs] and R, very large
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compare(d Rs/f, its steady state limit. Thus, long after hydrogen has lost all memory of the
original'deuterium may retain it. The expression (18) seems to have appeared in the literature
first in a paper dealing with oxygen fractionation on Mars (McElroy and Yung, 1976). The
conditions specified in that paper were that loss of oxygen was balanced with its production from
water at all times so that from the very beginning oxygen was in the steady state. Enrichment of
"*O occurred because of a fractionation factor effectively determined by diffusive separation of
%0 and "*O above the homopause. The counterpart of Eq. (18) was appropriate to that situation
as it is to the application of Eq. (18) to hydrogen when water is taken always to be in a steady
state between cometary impacts and escape of hydrogen (Grinspoon, 1987; Grinspoon and
Lewis, 1988). But it was not to others in which its hydrogen analog with [H,] set equal to [Hss]
has been applied to Martian and Cytherean hydrogen.

In (12) two characteristic times appear. One is the time constant associated with
establishment of a steady state for hydrogen 1y, the other, for the establishment of a steady state
for deuterium and, thus, for R is

Tp = ‘CH/f. (20)

or 1.7 Gyrif fis 0.15 and tyis 0.25 Gyr. In Figure 1 R(t/Tq) is plotted for several values of rq
and f, with R =Ry =1.6 X104, The approximation (18) fits the curves in Fig. 1 for R(t/tn)
well if t/1y is greater than 15. In the case of Venus, with a hydrogen escape flux of 107cm-%s-!
and Hss equal to 8.3 x10% atoms cm (corresponding to 30 ppm of H,0), t/t would be 15 or
larger for all times after 4 Gyr. In Figure 1 curves are also plotted for the case
roe~Y™ >> (1 —e-Y®) corresponding to Rayleigh fractionation of a primitive ocean and ro =1,
which is a pure steady state. Practical application of these relationships to the atmosphere of
Venus will be made in Section 6.

A useful approximation for ro can be obtained by rearranging (12), setting Rs = Ro and
p = R(t)/Ro, noting that in all practical cases

5.05
t/Ty > —— 21
/T - (21
e- /™) << 1 22)

and
pe-(VH) << e~f(Yt) (23)

for
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t/ty 28 (24)

and any reasonable value of f. Thus,

ro = pefftn — (e ~1)/f. (25)
In most cases,
ro=(p—f-telim, (26)
since usually
elfn >>1, 27

ro is plotted in Fig. 2 along with the approximation (26) for a large range of fractionation factors
and for p =150. Such alarge fractionation factor cannot be achieved at times

1<5.05ty/(1-f) (28)

because Eq. (25) becomes singular at this time. But as ¢ increases above the limit set by Eq. (16)
the value of ro required to achieve p equal to 150 in the presence of a source with
Rs = 1.6 x10* decreases rapidly to a minimum. It then increases exponentially for values of
t/ty larger than 6 to 8 depending on f. For times much greater than 1y, large values of ry are
required if an enhancement of D/H as large as 150 is still realized after a long period of quasi-
steady state between escape and a source of low Rg. It is most interesting that, for f 20.02, an
enhancement, R, of 150 cannot be obtained at any time unless ry is larger than about 180. The
signature of a massive loss of hydrogen will have persisted, no matter what the hydrogen steady
state lifetime, if R is large.

On the other hand, if the planet never had a large amount of water exposed to its atmosphere
and the sources always have been balanced with escaping hydrogen, so that rq is identically
unity, R(¢) would have risen from R to Rg/f monotonically. An enrichment of 150 times rq
would have been attainable with a source Rs of 1.6 x107* only if f is less than 6.4 x1073. 1t
would then be 50 Gyr. If f is as large as 0.15, Rs would have to be 3.75x10-3, 22 times ro, t0
produce a steady state of 150 times Ry if Ro =1.6 x107.

Unfortunately, it is not clear that the ideal case in which ¢, varies linearly with [H] is often
attained on any planet including Venus. One practical problem is that the tropospheric hydrogen
may be mostly bound in condensables such as water vapor, which is prevented by a cold trap
from passing freely through the tropopause. This is certainly the case on Earth, where
stratospheric CH, and H, are the sources of much of the hydrogen above the tropopause. Only
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if the CH, and H, abundances can be shown to vary linearly with the water vapor content of the
troposphere will @; be proportional to [H]. This discussion neglects the water in liquid form,
which provides a source for atmospheric hydrogen that surely will balance escape until the
oceans run dry.

On Venus the clouds constitute a barrier between the lower atmosphere and the upper
atmosphere. The hydrogen mixing ratio is much less above them than it is below them. It
remains to be determined how the mixing ratio in the upper atmosphere determining the escape
flux, would be affected if the amount of water vapor in the lower atmosphere were very much --
say orders of magnitude -- larger than it is today.

In the case of Mars, H,O is optically thick to the solar ultraviolet radiation which
photolyzes it. Increasing the H,O mixing ratio in the troposphere merely increases the altitude
at which H is produced from H,0. The consequence is that stratospheric H and H,, which are
generated by a complex of chemical reactions involving odd hydrogen and odd oxygen, change
only slightly, even when H,O changes by very large amounts. Consequently, the hydrogen
escape flux changes non-linearly with the total amount of hydrogen below the diffusion
bottleneck near the homopause.

4. DIAGNOSTICS: REQUIRED

The properties of the atmosphere to be determined if the problem of the evolution of water is
to be addressed effectively include 1) the D/H ratio in water or some suitable substance such as
atomic hydrogen, molecular hydrogen, H,S or their ions, 2) the abundance of water and other
hydrogen constituents of the mixed atmosphere, with their temporal and spatial variations, if any,
understood and 3) the escape fluxes of hydrogen and deuterium suitably averaged globally,
diurnally, and over the solar cycle. Also required, but more difficult to obtain, are the average
rates for injfection of H and D by comets and by outgassing of the interior. Thanks mostly to the
Pioneer Venus mission and remote spectrographic sensing from Earth and the Galileo spacecraft,
most of the items on the first of these shopping lists by this time have been acquired. It is also
possible to set reasonable bounds to the rate at which comets inject water, and the D/H ratio for
water on one comet, P. Halley, is now known with good precision (Balsinger et al., 1995,
Eberhardt et al., 1995). Magellan has provided enough information about volcanism on Venus to
allow speculation about the outgassing history of the planet to be at least informed.

S. DIAGNOSTICS: MEASUREMENTS
A) D/H Ratio

By this time the D/H ratio is one of the most thoroughly measured properties of the planet.

These measurements, all concordant, fall into several classes.
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1) Measurement of the HDO/H;O ratio in the clouds by mass spectroscopy;

2) measurement of the HDO/H,O ratio in the mixed atmosphere spectrographically from
Earth;

3) measurements of the 1 amu and 2 amu ions in the ionosphere and the interpretation of the
measurements in terms of ion chemistry;

4) calculation of the H and D densities in the upper atmosphere from measurements of H*, D*,
O* and O densities at altitudes where these ions and neutrals are in a chemical steady state.

The first of these measurements was made by the neutral mass spectrometer (LNMS) on the
Large Pioneer Venus Probe as the probe descended. In the clouds, between about 50 km and 25
km, the inlet leaks to the LNMS were sealed by sulfuric acid droplets. Very large signals in
several mass channels near 18 amu and 19 amu appeared at this time. The spectrometer was then
sampling H,O and HDO from the sulfuric acid drops. There were also greatly enhanced signals
from CH;D and HD, apparently created by transfer of deuterium from Cytherean HDO to
artifact CH, and H; in the LNMS (Donahue and Hodges, 1992). Taking account of all the D
and H represented in HDO, CH;D, HD and H,0 gave a D/H ratio of (2.5+0.5)x10-? for
Venus water, 157 £ 30 times the D/H ratio in SMOW,

McElroy et al. (1982) first pointed out that the ion of mass 2 in the ionosphere could not be
H,* and must, therefore, be D+. They concluded that the measurements implied a hundredfold
enrichment of deuterium in the atmosphere of Venus, measurement of the densities ions at 2 amu
and 1 amu by the PVO ion mass spectrometer were analyzed with the help of data from the
neutral mass spectrometer. The assumption was made on the one hand that the 2 amu species
was Hj and on the other hand that it was D*. The reactions removing H3j and D* are quite
different, the first being an ion molecule reaction with CO, forming CO;H* and H, and the
second a charge exchange reaction with O forming O* and D. The alternatives lead to very
different height profiles for the 2 amu ions. Clearly the D* option was favored. One set of
analyses by Hartle and Taylor (1983) gave (2.210.6)x10-? for the D/H ratio after
extrapolation to the homopause. The other set by Kumar and Taylor (1984) gave 1.4 x10-? and
2.5x%107? for the ratio when corrected for diffusive separation.

Neutral mass spectrometers have serious problems in measuring the density of neutral
atomic hydrogen because of its extreme reactivity. Fortunately, the atomic hydrogen and
deuterium densities in the lower thermosphere may be calculated from measurements of the
densities of O*, H*, D* and O with ion and neutral mass spectrometers in the region where the
lifetimes of these species for ion molecule reactions are short compared to diffusion times.

Because the resonant reactions

H*+0O& H+0O* (29)
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and the H* removal reaction
H*+CO, -5 COH*+0 (30)

determine the densities of H*, O and H; in this region the H density may be calculated from the
relationship

1
n(H) = {n(H*)/n(0*)} {ken(O)(Ti/T)? + kon(CO;)}, (3D

where n are number densities, k3 are the reaction rate coefficient for reactions 29 and 30 and
T, and T are the ion and neutral temperatures (Brinton, et al., 1980). An analogous expression
holds for n(D). The measurements of these quantities will be discussed in detail in section (56).
H and D densities were obtained in the night time bulge region of the thermosphere during the
first three Cytherean years that PVO was in orbit and during its reentry during 1992. When
extrapolated to the homopause the ratio of deuterium to hydrogen densities obtained was
2.17x107. Considering the uncertainty introduced by the need to extrapolate the thermospheric
ratios, the agreement among all these determinations must be considered excellent.

Near infrared spectral bands of H,O and HDO emitted deep in the atmosphere of Venus in a
window near 2.3 um have been analyzed to determine the mixing ratios of H,0 and HDO by
two groups. One working from Mauna Kea (de Bergh er al, 1991) analyzed their observations
to derive a D/H ratio of (1.9+0.6)x102 (120£40 times SMOW) in the mixed atmosphere.
The other, observing from the Kuiper Observatory Aircraft (Bjoraker, 1992) obtained
(2.5£0.3)x10°% (157 £18 times SMOW).

All of these measurements are in good agreement with each other. The ionospheric
measurement tends to be a little lower than those effectively obtained by observing the mixed
atmosphere. This may be because of the need to extrapolate measured densities to the
homopause in the case of the measurements made in the upper atmosphere. Because of the
possibility of error in this procedure, we shall prefer the “tropospheric” measurements and use a
value of 2.4 X102 (150 x SMOW) in this chapter.

B) Water Vapor Abundance

There is no shortage of measurements of the water vapor mixing ratio in the atmosphere of
Venus. Unfortunately, they lack the concordance of the D/H measurement. The measurements
reported before April, 1992 are recorded in Figure 3. Those obtained by gas chromatographs and
humidity sensors on Venera 13 and 14 and the Pioneer Venus Large Probe are orders of
magnitude higher than the rest. Given the difficulties with contamination confronting in situ
measurements such as these and their gross disagreement with other measurements free of these
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problems we regard these data as unreliable. Analysis of near infrared spectra of the day sky
obtained by the Venera 11 and 12 spectrophotometer yields a mixing ratio that decreases
monotonically from 200 ppm at 50 km to 20 ppm at the surface. This result is perplexing
because such a profile has been obtained by no other instrument, including other infrared
soundings on the nightside. Most of the near infrared soundings in the 1.7 and 2.3 um H,0
bands radiated on the nightside of Venus and reported before 1992 gave results that clustered
around 40 ppm from 50 km to low altitudes. There is one exception reported by Bell et al.,
(1991) where one observation gave a mixing ratio of 200 ppm among others much lower. A
large latitude dependence in water vapor was invoked to account for the variation of infrared net
fluxes measured by the four Pioneer Venus entry probes (Revercomb et al., 1985). These refer
to heights above 40 km. The values shown in Fig. 3 decrease with latitude. The lowest are near
60°, the next near 30° and the very high measurement near the equator.

The LNMS data at 18 and 19 amu have been analyzed by Donahue and Hodges (1992 and
1993). Their results are plotted in Fig. 4. The mixing ratio obtained by fitting the H,O counting
rate profile to the counting rate profile for 3¥Ar was 28j1§ ppm, between 10 and 26 km, 6.3f§
ppm at 51.3 km, 4.23 ppm at 55.3 km, and an apparent decrease below 10 km to 7+ 3 ppm at
0.9 km. These mixing ratios are normalized to the *Ar abundances of 30 ppm obtained by the
LNMS. The decrease in H,O mixing ratio below 10 km may only be apparent. It is a
consequence of a failure of the HDO counting rate, which is due mostly to Cytherean water, to
rise below 10 km as rapidly as the 3Ar counting rate. The H,0 signal is dominated by the
terrestrial contaminant and could easily mask a variety of profiles for Venus H,0. It is quite
possible that deuterium atoms are being transferred to the very abundant deuterium-poor methane
in the mass spectrometer. If there is really a decrease in the H,O mixing ratio, there should be
another hydrogen compound created to take the place of water vapor. There is no evidence for a
hydrogenic compound in the LNMS spectrum into which the H,O has been transformed by a
gas phase reaction. At no mass channel belonging to a candidate reaction product can there be
found evidence for a count rate sufficiently large at 0.9 km to make up the deficiency in
H;Othere and which then decreases to zero at 10 km.

Since 1992 the near-infrared spectra of emissions from the dark side of Venus, obtained by
Crisp et al., (1991) and Bezard et al., (1990), have been simulated by Pollack et al., (1993).
These data are fit best by a water vapor mixing ratio that is constant at 30 £ 10ppm from 40 km
to about 10 km, but may decrease between 10 km and the surface. The case for the decrease
below 10 km is by no means robust. The profile obtained by the LNMS (Fig. 4) well represents
their reconstruction. High-resolution spectra obtained by Bezard et al., (1991) and deBergh ez
al., (1992) in the 1.18 um, 1.7 um and 2.3 um windows are also well fit by a constant mixing
ratio profile of 30x15 ppm. Galileo NIMS measurements also gave 30%15 ppm with no
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horizontal variations exceeding 20% over a wide latitude range (Drossart et al., 1993). Water
vapor measurements are also discussed by Esposito et al, (this book).

C) Methane and H,

The PVLNMS registered very large signals at 2, 3, 15, 16 and 17 amu (Donahue and
Hodges, 1993). All of the 2 and 3 amu detected can be accounted for by terrestrial H,
emanating from instrument surfaces, probably in the getter pumps and, except when the leaks
were plugged, from Hj produced in the ion source by electron bombardment of CH,. A
contribution of H, from the Venus atmosphere with an appropriately high HD/H, ratio
associated with more than about 2 ppm of H, can be excluded, and the data are consistent with
no H, atall. The CH,, in addition to that introduced into the LNMS deliberately to help in mass
peak deconvolution, can be accounted for by methanation, probably occurring on getter surfaces
and involving instrumental H, and CO from the atmosphere. Thus, this CH, component
mimics an atmospheric gas (Donahue and Hodges, 1993). The feature at 17 amu, except when
the leaks were plugged, and below 10 km, appears to consist of a mixture of *C H,, and CH}
generated in the ion source by an ion-molecule reaction involving CH} and CH,.

D) Hydrogen in the thermosphere: Lyman-a Scattering

Ultraviolet Spectrometer (OUVS) (Lyman-a spectra from 20 orbits spanning the first three
Venus years have been analyzed by Paxton et al. (1988). By fitting emission rates to theoretical
models for resonantly scattered solar Lyman-a they have determined the atomic hydrogen
number density and vertical flux at the base of the exosphere (200 km). Both remained
remarkably constant at (6.0+1.5)x104cm"3 and (7.5 1.5)x 107cm-2s™! in the subsolar region
as solar activity varied. The integrated vertical column of hydrogen above 110 km was found to
be (3.611)x10"%cm"2. Recently, reanalysis of these measurements by Hartle ef al. (1995) has
revised these values to (7.5£2)x104cm-? at 200 km and (2.9+0.6) x10’cm-2s~!. The large
flux in a region where the escape flux is much smaller than 107cm-2s"!, supplies lateral flow of
hydrogen to the nightside, where the hydrogen eventually escapes to space or descends below
100 km and returns to the dayside. Light atoms participate in the planetary-wide circulation of
winds to the nightside in the thermosphere and back to the dayside in the middle atmosphere.
Consequently, the densities of the light species H, D and H, display a prominent bulge in the
post-midnight sector of the nighttime hemisphere. The circulation of the high mass major
atmospheric species is divergence-free. Because of their much greater scale height, this results
in a net loss of light gases on the dayside in the thermosphere and a net gain on the nightside.
The consequent nightside bulge in abundance is shifted into the dawn sector by the superrotation
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of the atmosphere. For further discussion of the effects of superrotation in the upper atmosphere
is contained in the chapter by Bougher et al (this book).

E) Escape of Hydrogen and Deuterium

Until recently, two processes were thought to make important contribution to hydrogen
escape. Exospheric temperatures are only 300 K on the dayside and 123 K on the nightside. At
such temperatures, the planet-wide average Jeans escape flux is about 5x105cm-2s-!, utterly
negligible compared to non-thermal loss processes. Collision of energetic oxygen atoms
produced by dissociative recombination of O3 ions with thermal hydrogen was once considered
a major source, contributing a planet-wide average flux of 1.2x10%cm-%-!, with zero
fractionation factor (Rodriguez et al., 1984) or 3.5x10’cm-2s~! with a large fractionation factor
of 0.31 according to Gurwell and Yung (1992). However, Hodges (1993) has pointed out that
these calculations neglected the effect of collisions by the initially hot atoms with thermal
oxygen that degrade their velocities before they can collide with hydrogen in the exosphere.
After the effect of these collisions has been accounted for, the hydrogen loss rate following such
collisions is reduced to insignificance, compared to the dominant processes involving hydrogen
ions. The first of these is charge exchange in the exosphere between H* ions with greater escape
velocity in the tail of the hot ion distribution and thermal hydrogen atoms. Two calculation of
the loss rate due to these collisions gave discordant results. Most of the loss occurs in the 20% of
the exosphere comprising the bulge on the nightside. The Monte Carlo model of Hodges and
Tinsley (1986) predicted a planet-wide average loss rate of 2.8 x107cm-%s"! for this process. A
treatment by Rodriguez et al., (1984) gave 3.2 x10cm-2s~!. Donahue and Hartle (1992) have
criticized both models for using unrealistic H and H* distributions. They also pointed out that
the calculations consider only solar maximum conditions whereas H* ion densities are reduced
to at most 0.15 their solar maximum values during solar minimum (Figure S). When solar
activity is high the ionopause is far from the planet. O* ions created in the daytime ionosphere
are transported in great numbers to the nightside, where they create H* ions in the bulge region
by charge transfer collisions with neutral hydrogen. As solar activity decreases the density of
ions in the ionosphere decreases and the ionopause closes in. Transport of O* to the nightside is
reduced and production of H* with the bulge consequently decreases considerably. Another
theoretical effort to recalculate the charge exchange loss rate using the densities measured by
PVO for a complete range of solar activity is required. In the meanwhile, Donahue and Hartle
(1992) recommend a rate of 9x106cm=2s~! for the planet-wide average escape flux during Solar
Maximum. This recommendation is based on an estimate of the effect of adjusting the properties
of the two exospheric models in question to realistic ones. Deuterium also is lost by change
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exchange. The fractionation factor for the process has been estimated to be 0.02 (Krasnopolsky,
1985).

Recently, another important escape mechanism for light ions has been identified. It is the
analog of the terrestrial polar wind in which light ions are accelerated to escape velocity in the
charge separation electric field that maintains the major ions and electrons of the ionosphere in a
stable vertical distribution despite their mass difference. Hartle and Grebowsky (1993, 1995)
have shown that hydrogen and deuterium ions are flowing upward in these fields with more than
enough velocity to escape. The outward flux of H* in the bulge during solar maximum is
7.5%x107cm%s™!, for this mechanism (E) giving a planet-wide average flux of H* during solar
maximum of 1.5x10’cm2s~!. The D+* planet-wide rate was measured to be 5.6 x10*cm-2s-!.
The fractionation factor for the process is, thus, 0.15.

These escape fluxes will vary with solar activity. During the reentry phase of PVO in the
fall of 1992 the 10.7 cm radio flux was at a level of 125x102Wcm-2H,™!. In 1978 and 1979
when the orbiter was exploring the solar-maximum, the 11.7 cm flux was between 200 and
250 x 102 Wem-2H,™ (Figure 6). Since the H* ion densities in 1992 were reduced by a factor of
0.15 and the electric field loss is proportional to the ion densities, the planet-wide average (E)
flux of H* was reduced to 2.3x106cm-?s"!. f remained at 0.15. Thus, the solar cycle average
electric field driven flux ¢,z is 9 x10%cm-2s~! with a fractionation factor of 0.15. Because the
charge exchange loss rate (CE) is proportional to the product of the ion and neutral densities it
should be reduced from 9x10°cm-%s! to only 7x10cm-2%s~! in 1992. If the electric field
escape flux and the charge exchange flux are additive and independent, the solar maximum
planet-wide hydrogen escape flux (E + CE) would be 2.4x10’cm~2s-! with a fractionation
factor of 0.10. The low solar activity flux (E + CE) in 1992 would be 8.9 x106cm-2s-! with f
equal to 0.06. The solar cycle average escape flux would be 0.9 and 0.8 x107cm-2s-! for the,(E)
and (CE) respectively making the solar cycle average flux (EC + CE) 1.7 x107cm-2s~! and 0.1
the effective fractionation factor. These measured and estimated fluxes are listed in Table 1.

F) Transition from Solar Maximum to Solar Minimum: Flux Calculations

The Pioneer Venus Orbiter reentered the atmosphere in the autumn of 1992. As it did so its
instruments, including the neutral and ion mass spectrometer, determined ion and neutral
densities in the nighttime ionsophere. As solar activity declined the hydrogen escape flow out of
the bulge diminished, but the horizontal inflow from the dayside hemisphere continued
undiminished. Consequently, the hydrogen and deuterium content of the bulge grew until the
downward flux had increased sufficiently to balance the inflow. The densities of hydrogen and
deuterium during the first three years of the mission and in 1992 have been calculated from the
orbiter data following the technique discussed (Hartle ez al., 1996) and in Section 5a. The results
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are shown in Fig. 7 and 8. The average hydrogen density in the bulge increased by a factor of
6.7 and that of deuterium by a factor of 4. That this increase is due to the reduced escape flux
and not to a change in the circulation from the night to daytime hemispheres suggested by the
smaller deuterium effect and the absence of any modulation for helium (Fig. 8). (In Fig. 9 we
show the thermospheric D/H ratios during the four years for which data are available. These
are the basis for the discussion in Section 5a.)

The number of hydrogen atoms in the thermosphere and exosphere ¥ is governed by the
simple relationship

%‘:—’=cps A/2-(9pp +Qec)AB (32)
where @s is the upward flux into the thermosphere on the dayside (area A/2), ¢p is the return
flux into the mesosphere at the base of the bulge (area Ag, which is about 20% of the planetary
area A), and Qe is the escape flux from the bulge. It is possible to calculate the escape flux ®e
during solar maximum and ¢e from the bulge during solar minimum in the steady state when
dy/dt =0 in (30).

2.505 = Op + D, (33a)
2.5¢s =¢p + 1. (33b)

®p and ¢p are proportional to the density in the bulge during solar maximum and solar
minimum respectively, therefore

®p =0.15¢p (34)

As was noted in SA, ®s is known from PVUVS data (Paxton et al., 1987), as revisited by Hartle
et al. (1996), to be 2.9x107cm2s!. Unfortunately the same is not true of ¢s, but there is no
apparent reason that atmospheric circulation which is responsible for the flow of hydrogen
should depend on solar activity. Thus, it is probably safe to assume that ¢s and ®s are the same.
In any event diffusion limitation prevents ¢s from exceeding 1.5
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where €is the appropriate ratio ¢; / ®,.. In Table 1 the escape fluxes called for by this
relationship are contained with the measured elective field flux and estimated charge exchange
flux discussed in Section SE.

Table 1
®, in 107cm 25!
Process 3 Eq 33 Section SE (9.)
E 0.15 6.3-5.7 1.5 0.9
T
cP 0.73 7-6.3 4.5 0.8
E +CE 0.37 6.6-5.9 12 1.7

Ever}\Paying due respect to all the uncertainties in the measurements on which these estimates
are based,the electric field escape process alone appears to give reasonable agreement between
the measured observed value and the one that explains the solar cycle variations in bulge
densities. It is difficult to reconcile a very large contribution from H+, H charge exchange with
these results. In any event a very small planetary average flux of about 1.5x107cm-2s-! during
solar maximum and 2 x10cm-2s~! during times of low solar activity infhinimua is indicated.

The effective H and D escape fluxes (6) resulting from this analysis of the bulge are also
tabulated in Table 2. The “synthesis” flux in the table captures both the measured E flux and the
flux determined from bulge properties in the case of hydrogen. € is assumed to be 0.15. No
such synthesis is possible for deuterium.
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Table 2
(¢,) Hydrogen in 107cm-2s-!
E CE E +CE Bulge Synthesis
0.15 0.73 0.37 0.15 0.15
(91) 0.930.1 0.8 1.6 0.6-0.75 0.840.2
f 0.15 0.02 0.10 0.44 0.15-0.44
(9,) Deuterium in 104cm=2s-!
92) 3.240.6 0.5 3.7 8-10 NA

A similar analysis for deuterium calls for a solar maximum steady state flux, of about
1.4 -17x10°cm2s"! planet wide, (8 —10x 104cm=2s-! solar cycle average) with only electric
field acceleration important.  Combined, these fluxes result in a very large fractionation factor
of 0.44. It is difficult to conceive of a loss mechanism so highly fractionating in the modern
atmosphere of Venus.The "observed" loss rate for deuterium ions (Hartle and Grebowsky, 3)
was only one third as large -- 5.6 x10*cm-?s~!. This discrepancy could be removed if Ps/for
deuterium were reduced by a factor of about 3, which can be accomplished only by reducing
D/H to about L0 x10-2, given the observed density at 220 km during solar maximum Years 1, 2
and 3. This would be an unacceptably large correction in the HDO/ H,0 ratio.

6. EVOLUTION OF WATER

We shall first consider two cases based on the fluxes discussed in Section SE. In one the
measured charge exchange flux will be added to the electric field flux. In the other it will not. In
the first case, the average escape flux is 1.7 x 107cm-2s-! with a fractionation factor of 0.10. In
the second, it is (9£1.0)x10%cm2s~! and f is 0.15. If the present hydrogen abundance [H] is
set by the 30 ppm of water vapor in the lower atmosphere, the characteristic time required to
establish a steady state in hydrogen is

Ty = (160 - 300) Myr. (36)
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Tp, to establish a steady state in deuterium and in R, becomes

tp = (1.6 - 2.1) Gyr. 37
Finally, the relationship of Rss to Rg is

Rss = (6.7-10) R;s. (38)

Such large values of f do not allow a highly differentiated "mature” steady state if the source is
not rich in deuterium.

One end member scenario for evolutions of water on Venus has the hydrogen and deuterium
today as remnants of an early larger supply of water. In the case of Rayleigh fractionation, the
factor r in equation (6) for [Ho }/[H] is either 262 or 363, depending on choice of f. Originally
the water on Venus would have been between 3.9 and 5.4 meters deep if spread uniformly over
the planet’s surface as a liquid. This is between 0.12 and 0.17 percent of a full terrestrial ocean
(fto). The mixing ratio of this water in the vapor phase would have been between 1.0 and 1.4
percent if Venus then had the same dense atmosphere it has now. According to Watson et al.,
(1982), vigorous hydrodynamic escape or "blowoff" of hydrogen, driven by solar extreme
ultraviolet radiation (euv) heating, would have occurred if the mixing ratio of H, in the upper
atmosphere exceeded 2 percent. Because euv from the early sun was almost surely enhanced,
this coincidence led Donahue et al., (1982) to suggest that Venus may have started with the
equivalent of a full terrestrial ocean, either in steam or liquid form. Blowoff, for which the
fractionation factor was close to zero, would have exhausted all but a trace of this water in 280
Myr, without changing the D/H ratio appreciably. This concept was elaborated by Kasting and
Pollack (1983) and Kasting, et al. (1984) who calculated the blowoff escape rate that would have
been reached in a runaway greenhouse induced when Venus developed an atmosphere in which
an ocean had been converted to steam. They assumed a radiatively equilibrated atmosphere in
which there were 90 bars of CO, and showed that before the sun reached its present luminosity,
surface temperatures on Venus would become so high that all the water in an ocean would have
been converted to steam with a surface pressure of 270 bars. Blowoff would then follow. This
model was superseded by one in which the effect of convection and condensation was taken into
account. [nitial conditions called for a surface pressure of 1 Bar of an N,, O, mixture, one bar
of H,0 and a ocean, liquid because the moist convection left the surface temperature below
100°C. CO, was prcsumed to be converted to carbonate as on Earth. The stratosphere was wet
in this “moist greenhouse”. Hydrogen was rapidly lost as in the “runaway greenhouse”. A cold
trap developed only after nearly all of the water was lost, because of the low pressure of the non-
condensable gases. Thus, a serious defect of the previous model, in which the development of a
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cold trap in the presence of 90 bars of CO, stopped blowoff with 20 bars of water left was
avoided. In both models, atomic oxygen was presumed to have been lost, swept along in the
flood of rapidly flowing hydrogen, and also oxidizing the crust. After the blowoff stopped, the
remaining oxygen could have been reduced to its present insignificant level by reaction with CO.
This gas should have accompanied outgassing CO, in a much larger relative abundance than
prevails today. After the water had gone, no medium in which carbonate could form would have
remained, and CO, would have accumulated in the atmosphere to its present level.

As was discussed in Section 2, the simple Rayleigh fractionation relationship (6) cannot be
used to determine the initial hydrogen inventory if hydrogen is in or near a steady state, that is, if
P, = ¢1 and d[H]/dr = 0. It is not the amount of hydrogen remaining in the atmosphere [H] that
is decisive in establishing this situation. It is the size of @, compared to P,. The fact that @, is
so small makes the possibility that it is balanced by a source of hydrogen, particularly from
comets, very great (Grinspoon, 1987; Grinspoon and Lewis, 1988). The Venus D/H ratio is
much larger than it would be if there were a mature steady state between escape and a source of
incoming cometary water. The D/H ratio in Comet P. Halley is 3.16 x 10~ (Balsinger, ez al.,
1995; Eberhardt, et al., 1995). So, if f is 0.15, the steady state D/H ratio on Venus when
cometary water having such a D/H ratio is injected, becomes 2 x10-3 — less than a tenth of its
present value. As Gurwell has pointed out, if there is a source with Rs equal to 1.6 x104,
balancing escape of H, a ratio p of 150 today, when #/1y is between 14.5 and 28 can be attained
only if ro is between 1300 and 2300 (Figures 1 and 2). Thus, even more early water would be
needed than if the cometary source were absent. 19.5 to 34.5 meters of water, S to 6.3 times as
much as needed in the case of simple Rayleigh fractionation, would be required. On the other
hand, an outgassing source, such as suggested by Grinspoon (1993) involving a very depleted
mantle, would be sufficient to balance the current escape flux. The challenge is to demonstrate
how it can be sufficiently fractionated.

A similar analysis based on the fluxes deduced in Section S5SH
—(1) =7.5x105cm2s,f = 0.44 - calls for the ratio of the primeval reservoir to the present
one, r in Eq. 6, to be very large -- 7700, if there are no sources. This would require 115 meters
of water, 3.5 percent of a terrestrial ocean. In the case of a hydrogen steady state based on Eq.
(25), with t/ty equal to 12.5, r becomes 3.5x10*. The required early reservoir would grow to
520 m of water, 16% of a full terrestrial ocean. tss would be only 830 Myr, but the Rs required
for a steady state with R =2.4 X102 would grow to 1.1x10-3. (Some quantities determined
here differ slightly from those quoted by Hartle et al. (1990) because it is assumed to be 150 in
this chapter but 157 in that paper).

In fact, the influx of cometary water on Venus probably fails to balance the loss of hydrogen
to space by about an order of magnitude. Shoemaker and colleagues (Shoemaker and Wolfe,

(20]






1982, Shoemaker et al. 1990) estimate the fluence of active cometary mass on Earth, and
consequently also Venus,,to 5 x 10'7 gm/yr for the past 100 Myr and 1.6 x 10" gm/yr for the past
Gyr. Shoemaker et al (1994) also argue that the flux of extinct periodic comets may be
comparable to the flux of active comets. If so and if 30% of the cometary mass is water, the
effective or average source of cometary water Py on Venus is presently between 0.7 and
1.4 x105cm=2s"!. The average value of P, over the past billion years would have been a factor
of 3 larger. If the hydrogen source from comets is that small the estimates of Ho/H from Eq(12),
based on steady state assumptions, are too large. Those based on simple Rayleigh fractionation
(Eq6) should be valid unless they are important endogenous sources of highly fractionated water,
such as thoe Grinspoon (1993), has discussed. A constant ratio K between the escape flux @
and the hydrogen burden of the atmosphere H, now in the neighborhood of 0.3 Gyr!: is
obviously incompatible with an amplification factor H,/H of approximately 400 given by Eq(6).
To obtain such a “small” loss of hydrogen, Ty must be about 0.75 Gyr. Alternatively, the
present state of the atmosphere would need to be very close to a steady state

Hgs = 0.9996H (39)
This would require that

P; =0.9996 ¢, (40)

It is much easier to accomodate a constant value of Ty to obtain the amplification ratio H,/H

of 7700 called for by the Rayleigh fractionation relationship (6) if f is as large as 0.44:
(-2)e o ¥
1-—[=7700 H 41
L

This condition would be satisfied if @; is 7.2x10%, as given by the bulge study,
P;is 1.4x106cm-2s-'and the mixing ratio of water vapor is 40ppm instead of 30ppm.
Alternatively , for example, it can be satisfied with 30ppm of water vapor,
@1 =5.5x10cm-2s! and Py = 1.5 x106cm-2s-1.

Proposals for rather different scenarios have been made by Grinspoon (1987, 1993) and
Grinspoon and Lewis (1988). These generally have involved comets or outgassing of the
interior, as a consequence of volcanism or massive resurfacing events, as sources of hydrogen.
Given the large fractionation factor that now appears to characterize escape of hydrogen and
deuterium, it is not possible for planetary escape to approach a mature steady state in which R is
as large as it is today if cometary sources of water are as poor in deuterium as Comet Halley or
terrestrial water. The required value of R, is too large. Grinspoon (1993) has proposed as
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steady state candidates two examples of possible mantle sources. In one case, the outgassing
water would be fractionated to within an order of magnitude of the present atmospheric value of
R, the outgassing rates and hydrogen loss rates would be balanced and R close to its steady state
value. Grinspoon proposed that the mantle of Venus may have attained its enhanced R, because
of fractionation in the creation of a severely depleted mantle, or because of retention of the large
D/H signature in water frozen into the mantle after the planet had undergone an early period of
highly fractionating loss of hydrogen. Alternatively, Grinspoon suggests that a massive
resurfacing event within the past billion years released water from the interior. The atmosphere
was then supposed to have experienced rapid loss of hydrogen in which R was enhanced to a
value even higher than it has today. Subsequent loss of hydrogen would then have caused R to
decrease to its present value as it declines toward a steady state in both D and H. The suggested
evolution of R for these examples is shown in Figure 10 (Grinspoon, 1993). Note that the D/H
range in this figure is based on the measurement of deBergh, er al. (1991), which is centered at
120 times terrestrial, rather than 150 times terrestrial.

7. OUTSTANDING PROBLEMS

The present hydrogen inventory of Venus and the D/H ratio seem to be well understood,
although there are some observations which make it out to be much wetter than it usually seems
to be. Recalculation of charge exchange loss rates, which are based on our present understanding
of the temporal history of Venus neutral and ionized hydrogen densities and their variation with
solar activity, are needed. The type of calculation once performed by Kumar, et al. (1983) to
determine the evolution of hydrogen and deuterium loss mechanisms over the 4.5 Gyr history of
the planet but based on our present understanding of loss mechanisms, such as the electric field
process, needs to be repeated. In view of the long time required for deuterium to reach a steady
state, it would be instructive to investigate the effect on the present D/H ratio and water
abundance of including the contribution of the remnants of a primitive "ocean” 10 meters deep
on "steady state” degassing models, such as those proposed by Grinspoon (1993). Models of
catastrophic mantle outgassing as sources of today's highly fractionated water vapor need to be
bolstered with more robust and detailed foundations than those with which they are currently
provided. It would be useful to have a study of the Venus thermosphere and mesosphere that
continuously spans a complete solar cycle.
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Abstract. A strong solar cycle variation in hydrogen and deuterium densities is observed in the
nightside thermosphere of Venus when Pioneer Venus Orbiter (PVO) measurements made during
the first three Venus years of the mission are compared with those made during the preentry phase
of the mission. Solar maximum conditions prevailed during the former period, while near solar
minimum conditions occurred during the latter. Pronounced density enhancements in H of 6.5
times and D of 4 times are observed in the nightside bulge region as solar activity decreased from
maximum to near-minimum values. We attribute the buildup of H and D to a reduction in the
escape fluxes as solar activity decreased, a behavior that is consistent with the known properties of
the dominant escape processes due to the charge separation electric field (E) and charge exchange
(CE). Application of this simple concept leads to expressions for the H and D escape fluxes
which relate solar cycle variations of the respective bulge densities and escape fluxes to the dayside
source fluxes. Planet averaged escape fluxes in the ranges 1.23 x 10’ cm?s! £ @, (H) € 1.45 x
10’cm?s* and 1.61 x 10° cm?s”! < @, (D) £2.15x 10° cm? 5! are obtained by this method
without specifying any particular escape mechanism. Considering the uncertainties in the
measured parameters, these flux ranges are in reasonable agreement with the escape fluxes derived
from the specific processes, E and CE. When fractionation without or with an external source of
water (e.g., comets) is applied to the range of possible escape fluxes, a fractionation factor f =
0.44 is obtained and an ancient reservoir of water equivalent to the range 125 m to 570 m of liquid
uniformly distributed on the surface or 3.7% to 17% of a full terrestrial ocean is derived. When
the specific escape processes E and E + CE are considered, the f values are 0.15 and 0.1 and the
magnitudes of the reservoirs are lower, having a range of equivalent depths of 4.1 m to 36.8 m,

respectively.

1. Introduction

Knowledge of the density distribution of hydrogen and its
isotope deuterium in the atmosphere of Venus is essential to
understanding the evolution of these constituents and that of
water. Measurement of H and D densities and determination of
their escape rates as well as the D/H ratio were some of the
primary objectives of the Pioneer Venus (PV) mission which
began exploration of Venus in December 1978. The
objectives of this paper are to determine the diurnal variation
of H and D at high and low solar activity, evaluate the solar
cycle variations of the respective escape fluxes, and apply
them to an estimate of the size of an earlier water reservoir. A
new approach is used here to evaluate the escape fluxes which
requires little or no knowledge of the actual escape
mechanisms.

Copyright 1996 by the American Geophysical Union.

Paper number 95JE02978.
0148-0227/96/95JE-02978%05.00

Early measurements of H were obtained from UV
instruments on Mariner 5 [Barth et al., 1967] and Veneras 10
and 11 [Bertaux et al., 1982], while more detailed knowledge
of its density and structure was obtained by several instruments
on board the Pioneer Venus Orbiter (PYO). Using ion densities
of H" and O" measured by the Orbiter ion mass spectrometer
(OIMS) and neutral densities of O and CO, observed by the
Orbiter neutral mass spectrometer (ONMS), Brinton et al.
[1980] obtained H densities in the chemical equilibrium region
spanning the first diurnal cycle of the PVO mission. They
discovered a large diurnal variation of H having a nighttime
density bulge peaking near 0300 UT which was some 400
times more dense than that observed on the dayside. Taylor e:
al. [1985] extended the analysis of the H bulge region to
include the first three Venus years of the PYO. An analysis by
Paxton et al. [1988] of the Lyman a fluxes measured by the
Orbiter ultraviolet  spectrometer (OUVS) produced H
concentrations similar to those of Brinton et al. [1980).

The first detection and measurement of D in the atmosphere
of Venus was confirmed after considerable analysis of two sets
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of measurements made during the PVO mission. For one set, a
detailed study of mass spectra obtained from hydrated liquid
cloud drops that fortuitously clogged the inlet leak system on
the Pioneer Venmus large probe neutral mass spectrometer
(LNMS) led to the identification of D and an estimate of the
D/H ratio of (1.6 % 0.2) x 107 in the lower atmosphere
[Donahue et al., 1982]. At about the same time, McElroy et al.
(1982] suggested that the mass 2 ion observed by the OIMS
could be D* instead of H,". Subsequently, an analysis of the
height distribution of the mass 2 ion measured in the chemical
equilibrium region of the ionosphere by the OIMS led to the
clear identification of D*, from which a D/H ratio of (2.2 £ 0.6)
x 107 was derived at the turbopause [Hartle and Taylor, 1983].
A recent analysis of the LNMS measurements by Donahue and
Hodges [1992] revised the D/H ratio upward to (25 £06) x
107,

In a recent study, Grebowsky et al. {1995] expanded the
database used by Brinton et al. [1980] and Taylor et al. [1985]
to derive the H distributions. The number of data points was
increased by testing each derived H density to determine
whether or not chemical equilibrium prevailed at each
measurement point. In the previous studies, maximum
altitudes of the chemical equilibrium region were preset,
thereby eliminating valid H measurements when chemical
equilibrium existed above such altitudes. The work of
Grebowsky et al. [1995] included H densities from the first
three Venus years as well as those from the preentry phase of
the mission. The current study will extend this work by adding
D to the H density database, which will then be used to evaluate
their respective escape rates. In tum, these results are applied
to an analysis of the evolution of H and D in the atmosphere of
Venus to provide an estimate of the size of an early water
reservoir on the planet.

2. Solar Activity and Escape Mechanisms

Periapsis of PVO was in the thermosphere during the first
three Venus years of the mission before it ascended into the
exosphere. During this period, between December 1978 and
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Figure 1. The 10.7 cm solar radio flux line spanning the
calendar years of the PVYO mission. The time intervals depicted
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and the preentry period, respectivly.
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Figure 2. Height profiles of H*, D*, and O" for solar
maximum (dashed lines) and near-solar minimum (solid lines).

July 1980, solar activity was at maximum levels, as indicated
by the 10.7-cm solar flux line shown in Figure 1. In the
preentry phase of the mission in 1992, almost 14 years after
initial entry into the atmosphere, periapsis of PVO returned
briefly to the thermosphere, where measurements were made in
the predawn H bulge region, just before burnup of the orbiter
on October 8, 1992. Solar activity was near a minimum during
this phase of the mission, making it possible to study solar
cycle effects on escape and evolution when this data set is
considered together with that of 1978-1980.

Immediately following the low solar activity measurements
of 1992, the first study of this kind was done by Donahue and
Hartle {1992), who noted a strong solar cycle variation in ion
composition requiring changes in the known H and D escape
fluxes. An example of ion composition dependence on solar
activity is shown in Figure 2, where vertical profiles of
average H*, D’, and O’ densities in the 0200-0400 UT dawn
sector are plotted. Two sets of ion densities are shown in the
figure, one corresponding to averages taken over the first three
Venus years and the other over the preentry phase, when solar
maximum and near solar minimum conditions prevailed,
respectively. The dawn sector is shown here because this is
the bulge region where H* and D*, and H and D maximize, where
most of these atoms and ions in the thermosphere reside. and
consequently, where their respective escape fluxes maximize.
In this sector, H" and D* densities near solar minimum are
about 7 times and 3 times less, respectively, than those at
solar maximum while the corresponding O° densities are a
factor of 20 times less at low altitudes (160-200 km) with the
factor decreasing to 7 or 8 at higher altitudes. Similar solar
cycle variations were described by Kar et al. [1994]. The
reduction in ionospheric densities on the nightside is expected
as solar activity declines. This is due to at least two major
factors. (1) Fewer ions are produced on the dayside as solar
activity decreases; therefore fewer ions are available to be
transported to the nightside. (2) With a reduced ion population
on the dayside, the ionopause altitude decreases, thereby
reducing the area of the terminator annulus through which day
to night ion flow takes place.

The discovery of the strong decrease in H' and D" densities
as solar activity decreased led Donahue and Hartle [1992] to
reevaluate the known escape mechanisms. Four basic
mechanisms were known at the time, two of which are not
considered to be important today. Thermal or Jeans escape was
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shown to be insignificant due to the very low exospheric
temperatures of 284°K at noon and 123°K in the nightside H
bulge of Venus (note: the temperatures used throughout are
from the Venus international reference atmosphere (VIRA)
model [Keating et al., 1985]). Collisions of H and D with
energetic oxygen, O°, produced by dissociative recombination
of O,", was considered to be an important escape mechanism
for a number of years [Rodriguiz et al., 1984; Gurwell and
Young, 1993]. However, Hodges [1993] has recently shown
that when proper account is taken of the scattering down in
energy of hot oxygen colliding with ambient thermal oxygen,
the energy density of the hot oxygen population is reduced to
the point that the resulting H and D escape fluxes are rendered
unimportant. This leaves two escape mechanisms that are
thought to remain important. One is due to charge exchange
(CE) of “hot” ionospheric H' with H, which produces a
population of “hot” H" atoms possessing a significant number
of escape trajectories. The most recent calculations of the loss
rates due to CE were made by Rodriguiz et al. {1984] and
Hodges and Tinsley [1982], who obtained planet average
escape rates of 3.2 x 10° ecm? s and of 2.8 x 10’ cm? s,
respectively. Donahue and Hartle [1992] have shown that the
large differences in these escape fluxes are due to the fact that
both investigator groups used widely differing H* and H
densities, none of which were representative of average
conditions. When average H' and H densities derived from
PVO data were used, Donahue and Hartle [1992] obtained an H
escape flux due to CE of 0.9 x 10" cm? s for the solar
maximum conditions of the first three Venus years of the PVO
mission. The CE escape process for D is very inefficient
relative to that for H, and, consequently its fractionation factor
is only 0.02 [Krasnopolsky, 1985]. The remaining escape
mechanism of significance is a fluid-like upward flow of H* and
D*, which is accelerated to escape speeds by the charge
separation electric field in the ionosphere [(Hartle and
Grebowsky, 1995]. As the plasma flows to higher altitudes in
the ion exosphere, the motional electric field of the solar wind
impressed across the draped magnetic field lines of the ionotail
of Venus eventually overtakes the polarization electric field
and accelerates the ions up to solar wind speeds as the ionotail
merges into the interplanetary medium. Essentially all escape
of H" and D" by the electric field process (E) occurs in the light
ion bulge, where most of these ions reside. When the escape
fluxes derived by Hartle and Grebowsky {1993, 1995] are
averaged over the planet, we obtain values of 1.5 x 10" cm? 5!
and 5.6 x 10* cm? s for H' and D, respectively, for solar
maximum conditions.

3. H and D Density Distributions

Apart from minuscule differences due to their nuclear
masses, the atomic properties of H and D are the same.
Consequently, H and D atoms and ions obey the same principal
chemical reactions

H* +0= 0% +H (1a)

D*+0e0*+D (1b)
H* +C0O; & COH" +0 (lc)
D* +CO, & COD" +0 (1d
which determine the H and D densities
+ T 1/2
n(H)= n(H+) K]n(O)(—'] +K,n(CO;) (2a)
n(0O") T
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at all altitudes in the ionosphere of Venus where chemical
equilibrium holds. The ion densities n(H"), a(D"), and n(0")
were measured by the OIMS, the neutral densities n(0) and
n(CO,) and their temperature T were measured by the ONMS,
and the ijon temperature 7, was measured by the Orbiter
retarding potential analyzer (ORPA). The coefficient K, for
reaction (la) is that used by Brinton et al. [1980). For reaction
(Ib) we take K" = K,. This can be seen to be a valid
approximation upon first considering that K(T,/T }'* can be
expressed as the ratio of the forward rate factor O, (8T, fmy, )'*
to the reverse rate factor o,(8kT/my, )" near thermal
equilibrium (as is the case here), where the cross sections o, and
O, are energy averaged and W, \, = mym/(m, + m,) is the reduced
mass of the reactants [e.g., Holzer and Banks, 1969]. In this
form, K, = g/0, is independent of mass. Therefore, since K,
has the same form as X, and the ratio g/, is essentially the
same for hydrogen and deuterium collisions, then K, = K,. The
coefficient K, is the ratio of the rate 3.8 x 10° cm’ s
[Anicich, 1993] of the reaction H* + CO, divided by the rate of
the reaction O° + H, which is 2.5 x 10" T'" cm’ s' [Nagy et
al., 1980). Similarily, the coefficient K, is the ratio of the
rate of the D* + CO, reaction, 3.5 x 10° cm® s [Anicich,
1993], divided by the rate of the O" + D reaction, which has not
been measured yet.  However, considering the simple
expressions above for the rate factors, the later rate can be
estimated by multiplying the rate for O* + Hby (i, ,J/ M, )" =
0.73.

The principal database used in the analysis is the Pioneer
Venus unified abstract data system (UADS) consisting of 12-s
averages of the measurements. When measurements of some of
the parameters are missing in UADS, empirical models are used
to fill in the gaps; i.e., the Hedin et al. [1983) model is used
for the O and CO, densities and the neutral temperature, while
the VIRA model is used for the ion temperature. In contrast,
models are not used for the ion densities because they cannot
properly account for the high spatial and temporal variations
required by (2). Consequently, when ion densities are missing
from the database, no H or D densities are derived.

The chemical equilibrium region where (2a) and (2b) are
valid is determined by an algorithm developed previously to
derive H densities (Grebowsky et al., 1995]. In this case.
values of n(H) and n(D) are only retained when the chemical

n(D) =

n
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Figure 3. Altitude versus local time of each point where

both chemical equilibrium and a value of n(H) exist.
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timescale 1/k,n(O) is less than the H* diffusion timescale hid,
where h is the O scale height and dis the diffusion coefficient
for H' ions [Banks and Kockarts, 1973). This approach is
conservative for evaluating n(D) because the diffusion time
constant for D’ is greater than that for H*, and consequently,
chemical equilibrium for D is valid to somewhat higher
altitudes than it is for H. Collisions with all major ion and
neutral species are accounted for in the calculation of the
diffusion coefficient. The scale height for CO, is not used in
the diffusion time because it is only important at low altitudes,
where H' is not detected. Applying these guidelines, we find
that the altitudes where both chemical equilibrium exists and
enough data exist to allow n(H) to be derived are distributed in
a distinct diurnal pattern as indicated in Figure 3. In particular,
chemical equilibrium extends up to about 250-260 km on the
dayside and only to 170-175 km on the nightside, a diurnal
variation which is largely a reflection of the variation of the
major ion O at these altitudes. The lower limits of the altitude
distribution in Figure 3 are not the lower limits of the chemical
equilibrium region, but simply the lowest altitudes where H
remained detectable.

The H and D densities derived from (2a) and (2b) in the
chemical equilibrium region are shown in Figure 4, where the
large H density bulge discovered by Brinton et al. [1980] is
displayed. Helium densities [e.g., Kasprzak et al, 1993;
Grebowsky et al., 1995] at 170 km are also shown for
comparison in Figure 5. An absence of telemetry caused the
postdusk data gap in Venus year 2, while a special OIMS
operational mode resulted in a similar gap in Venus year 3.
After about 1000 UT in Venus year 3, periapsis of PVO rose
above the chemical equilibrium region and did not return until
the preentry phase, where measurements were fortunately made
in the bulge, just before burnup. Since the latitude of periapsis
of PVO was about 16° during the first three Venus years and
about -10° at preentry, the diurnal variations shown in Figure 4
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are considered essentially equatorial for the purposes of this
paper. The variance in the densities at a fixed local time is due
to atmospheric waves and structures; some structures have
been shown by Taylor et al. {1985] to be related to solar wind
ram pressure changes. Average values of the H and D densities
are shown in Figure 6, which are convenient for making
comparisons and carrying out quantitative analysis.

Apart from the large nightside H and D density bulges,
perhaps the most striking features in Figure 6 are the
enhancements of the preentry bulges over those observed
during the first three Venus years. In particular, we find that
the density of the preentry H buige is about 6.5 times greater
than the average density found in the bulge during the first
three Venus years. A similar comparison made with D reveals a
density enhancement of 4 times. Referring to Figure 1, we see
that solar activity levels during the first three Venus years,
1978-1980, are similar to the solar maximum levels just
preceding preentry. In the ensuing analysis, we make the
reasonable assumption that the H and D densities in 1991 were
similar to those in the 1978-1980 period. In this scenario,
density enhancements developed when solar activity dropped
from its high level in early 1992 to the low level of the last 4
months of the mission. It is fortunate that solar activity was
relatively steady during this latter period, when all the
preentry bulge densities were measured, as will be clear in the
steady state analysis that follows.

The major gas densities and temperatures in the H and D bulge
region were observed to be similar during both solar maximum
and near solar minimum conditions [Kasprzak et al., 1993].
Keating and Hsu {1993] have observed that the thermospheric
temperatures and densities on the dayside decrease somewhat as
solar activity decreases from maximum to mimimum
conditions. These observations are consistent with the solar
cycle variations predicted by Bougher et al. [1986], whose
circulation model also suggests that thermospheric winds vary
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Figure 4. Diurnal variations of H and D densities derived from (2) for each Venus year and the preentry period

at altitudes shown in Figure 3.
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Figure 5. Diurnal variations of He densities for each Venus year and the pre-entry period as measured by

ONMS in the altitude range 170-180 km.

only slightly over a solar cycle. The weak solar cycle
variation in thermospherie circulation, which transports H and
D into the nightside, can not account for the large solar cyele
variations of these constituents . However, the weak solar
cycle variation in thermospheric circulation is consistent with
the He density observations shown in Figure 5, indicating no
noticeable solar cycle varfation, because the density buildup of
this species on the nightside is primarily driven by
thermospheric circulation and not at all by escape {Mengel et
al., 1989].

4. Escape Rates From Solar Cycle Variations
We suggest that a likely cause of the H and D enhancements

occurring in the buige region as solar activity decreased is a
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Figure 6. Diurnal variations of average values of H and D
densities derived from data in Figure 4 for Venus year [ (light
solid line), year 2 (long-dashed line), year 3 (short-dashed
line), and preentry period (heavy solid line).

consequence of the known decrease in the escape rates of these
constituents [Donahue and Hartle, 1992] as solar activity
declines. Thus we examine this concept here and show how
such solar cycle variations can be used to estimate the escape
fluxes of H and D. We note that this scenario for H and D is
fundamentally different from and consistent with that for He,
which does not exhibit a solar cycle vatiation and whose
density variation i$ not affected by escape, but primarily by
thermospheric circulation.

Considering the variation in H first, which can be described
in terms of the rate of change of the number of H atoms in the
thermosphere, y, by

d¥
—— =05A; — (0, +94)A, 3

dt

where @ is the source flux of atomic H which flows up into the
thermosphere from the mesosphere after being formed there by
photolysis of H,O and H,. Since the source is confined to the
dayside, its flux is multiplied by A, , thé area of the dayside.
As H flows from day to night, a fraction escapes from the top
of the nighttime atmosphere with a flux @, while the
remainder recirculates in the mixing region after flowing
downward through the lower thermosphere with a flux @,
Essentially all of the hydrogen in the thermosphere resides in
the nighttime bulge region; therefore the downward flow and
escape flux are multiplied by the area of the bulge, A,, which is
about 20% of the total area A. We have varying degrees of
knowledge of Wy, ¢q. and @, which can be used to estimate the
escape flux @, as will be shown below.

4.1 Steady State Analysis

Since solar maximum conditions prevailed just before the
final entry of PVO'’s periapsis into the thermosphere and since
the corresponding levels of the 10.7-cm solar flux were similar
to those of the first three Venus years of the mission, the
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Table 1. Escape Fluxes (10" cm?s™)

HARTLEET AL.. SOLAR CYCLE VARIATIONS AND ESCAPE ON VENUS

o,

Process o, o o e <@
E 75 1.5 1.1 0.23 43 0.86
CE 45 0.9 33 0.64 39 0.77
E+CE 12 24 44 0.85 82 1.60

conditions in the thermosphere during the latter period are
assumed to approximate those of the former period.
Consequently, when solar maximum occurred during the
preentry phase, dy/dt =0, and (3) becomes

¢SAd = (d’d +®¢ )Ab (4)

where @ refers to solar maximum conditions. Time
independence also applies to the period when the preentry
measurements of H were made in 1992 because, as noted
previously, the solar flux remained steady during that interval.
Therefore

dsAy =(95+0,)A, (5)

where ¢ refers to conditions near solar minimum. The steady
state approximation should be valid over most of the solar
cycle and not just during the maximum and minimum periods
considered here. For example, the diffusion timescale h'/k, in
terms of the scale height A for CO, and the eddy diffusion
coefficient k, is only about 0.7 days at 110 km and 4 days at
100 km, periods much shorter than that of a solar cycle.
Furthermore, the residence time, W/, for thermospheric His
only about 10 to 20 days.

A parameter that will be useful in the analysis is the escape
flux ratio

£=0,/0,. (6)

As will be clear below, the relation between ¢, and @, is
known, ®¢is known as are upper and lower bounds on ®g.
When these relationships and equations (4) and (5) are
combined, an expression relating @, to ¢, results. However,
the magnitudes of &, and ¢, can be evaluated using current
knowledge of the dominant escape fluxes [Donahue and Hartle,
1992] due to charge exchange (CE) and the charge separation
electric field mechanism (E) to constrain €. Values of the

Table 2. Escape Efficiencies and Globally Averaged Escape
Fluxes (10" cm?s™)

Process E n 69 ae
(From (9)) (Table 1)
0.00 0.85 123
E 0.15 0.87 1.26 1.50
E + CE 0.37 0.90 1.31 2.40
CE 0.73 0.95 1.38 0.90
1.00 1.00 1.45

escape fluxes obtained by Donahue and Hartle [1992) are
shown in Table 1. The overbar used throughout corresponds to
a global average (e.g.. P.= DA/ = O, /5), and the
quantity @, = (®, + ¢,)/2 is the average flux over a solar
cycle. The low solar activity escape fluxes were taken to be
negligible by Donahue and Hartle [1992], whereas they have
been scaled here by multiplying the solar maximum fluxes by
n*/N* for E and n*n/(N*N) for CE. When flux ratios are derived
from Table 1, € values of 0.15, 0.73, and 0.37 are obtained for
the processes E, CE, and E + CE, respectively.

The most recent work pertaining to the source flux has been
done by Paxton et al. [1988], who derived the upward flux of H
from Lyman o intensities observed by the OUVS on PVO.
They obtained an upward flux of 7.5 x 10’ cm? s in the
subsolar region using data from the first three years of the PVO
mission, when solar maximum conditions prevailed. We have
reevaluated this flux in the appendix and obtain an upward flux
@ of 2.3 x 10" cm™ 5™, which does not exceed the limiting
flux of ®, =3.5 x 10’ cm? 5", as required. Furthermore, the
observed H densities described in section 3 are 1.25 times
greater than the values used by Paxton et al. [1988]; therefore
adjusting the upward flux by this factor leads to ®g= 2.9 x 10’
cm™s’. At this time we do not know the value of the source
flux ®; however, it is probably larger than ®g, as more H is
circulated through the upper atmosphere. An upper bound is
fixed by the fact that the source rate ® A, cannot exceed the
maximum rate ®, A ;. Thus there is an upper bound for ¢5 = 1.5
x ®;. The bounds on the source flux near solar minimum are
expressed by the flux ratio

ISGS E¢s/d)s$15 N

A downward flux of H in the nightside bulge region has been
shown to be significant in a number of global circulation
models [Mayr et ¢l., 1978, Hartle et al., 1978, Mayr et el.,
1980]. To a first approximation, it is proportional to the
density in the bulge region as expected from the diffusion
equation. Thus, we define the flux ratio

€, =® /0 =N/n (8)

in terms of the average H densities N and n observed in the H
bulge during solar maximum and near-solar minimum,
respectively. When the average densities in Figure 6 are
scaled. g, = 0.21, 0.17, and 0.09 for Venus years I, 2 and 3.
respectively, and an average €, = 0.15. These ratios reflect
density variations in the height range of about 150 km to 170
km, the limited region where H and D densities could be
cevaluated on the nightside. Consequently, the analysis here is
restricted to a lower boundary of about 160 km through which
the source flux and the downward flux flow. The upper
boundary through which the escape flux flows is taken to be at
an altitude high enough to include all the significant processes
contributing to E and CE while avoiding the complicating
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Table 3. Escape Fluxes (10" cm?s™') From (9)

Process Ee

o, o, 0, <9, P,
E 6.31 1.26 095 0.19 3.63 0.73
CE 6.89 1.38 5.03 1.01 5.96 1.20
E+CE 6.53 1.31 241 0.48 4.47 0.90

effects of lateral transport; in particular, we choose an upper
boundary of 500 km, the approximate altitude of the ion
exobase which is well above the neutral exobase.

When values for €, €,, and € are used in (4) and (5), the
escape flux and its time average can be evaluated. The analysis
is simplified by combining these equations to obtain the
following convenient forms:

®, = (e €, £5)Ds ©
where
=l.:i‘. (10)
1-ge,

is the efficiency for escape. Considering the estimated values
of €, and &g, physical limits can be placed on n as ¢ is varied.
An upper bound n < | results from the physical limit ®, <
&g, which also requires € < 1. In the other extreme, when € =
0. &, = 0.15 (average value) n = 0.85 and @, = 0.85 ;.
Altogether, the following range of varables apply: 0< e < 1;
0<sn<l; 085065< ®, < Bsor1.23x 107 ecm?s' < B, <
1.45x 10" cm™s". These limits are applicable when gg = I;
however. considering the upper limit €¢ = 1.5, the ratio (e,
e, 1.5/ nie, g,. 1.0) =091 indicates that an ignorable
change in the fluxes occurs as €¢ spans its limits.. Escape
efficiencies and globally averaged escape fluxes from (9) are
shown in Table 2 for the limiting values of € and those of the
three processes E, CE. and E + CE, when €5 = 1. Also shown in
Table 2, for comparison, are escape fluxes from Table 1.
Shown in Table 3 are all types of escape fluxes obtained
from (9) for the processes E, CE, and E + CE, for completeness.
A few things are immediately apparent from the range of
parameters discussed above and in Tables 2 and 3. (1) The
escape flux in Table | which combines the electric field and
charge exchange processes ®,(E+ CE) =2.4 x 10" cm™ s is
considerably larger than the upper limit for the escape fluxes
inferred from the solar cycle variations in the bulge. (2)
Separately, the escape fluxes due to the charge separation
electric field, ®,(E). and charge exchange, &,(CE), are also

outside, but very close to the upper and lower bounds.
respectively, allowed by (9). (3) The escape efficiencies and
the escape fluxes are constrained to vary a maximum of oniy
18% when 0 <e< I, and no more than 9% when the processes
E, CE, and E + CE are considered. It is fortunate that the escape
flux is so tightly bound to the range 1.23 x 10" cm?s' < &,<
1.45 x 10" cm? 5", making it possible to study the evolution
of Hin this flux range without identifying any particular
escape mechanism.

Equations (6) through (10) can be applied directly to
evaluate escape parameters for D. Density ratios €, (D) = 0.25,
0.4, and 0.1 are obtained by scaling the average D densities in
Figure 6 for Venus years 1, 2, and 3, respectively, yielding an
average £, (D) =0.25. The physically derived escape flux due
to electric field acceleration at solar maximum [Hartle and
Grebowsky, 1995] (hereinafter referred to as HG) is ®,(E; D*) =
2.8 x 10" cm” s when averaged over the D' bulge. This flux
was derived at 500 km. Because the D* densities at low solar
activity are below the detection range of the OIMS at this
altitude, we do not have adequate statistics for D* densities to
determine ¢, (E; D”) directly. Instead, we make the reasonable
assumption that the ratio of the average D" density at low solar
activity to the one at solar maximum is the same as the ratio
for H*, in which case € (E: D*) =0.15 for both H" and D*. For
the D charge exchange escape flux we use the fractionation
factor f = 0.02 [Krasnopolskv, 1985] to obtain ®,(CE; D) =
RAP(CE: H)=25x 107" x 002 x 0.9 ¢cm” s’ =45 x 10°
em”s”, where R is the D/H ratio. Using the scaling relation
defined above, n"(D)n(DV[N(D)MD)] = 0.54, we obtain
9,(CE:D)=24x 10" cm®s" and ¢ (CE: D) = 0.54. Clearly,
only ®,(E; D) and ¢, (E; D*) need be considered in the escape
of D because the respective escape fluxes due to charge
exchange are 2 orders of magnitude less. Following a similar
procedure to that used to derive the source flux for H. a D source
flux ®; (D) = 4.3 x 10" ecm’s” is obtained in the appendix.
Using these values. escape efficiencies and globally averaged
escape fluxes from (9} are shown in Table 4 and compared with
the flux due to electric field acceleration (HG). Two values of

Table 4. Escape Efficiencies and Globally Averaged Escape Fluxes (10" cm™ s

€ n ®, n o, o,
Process (E,x =025 (From (8)) (E,l =0.4) {(From (8)) (From HG)
0.00 0.75 1.61 0.60 1.29
E 0.15 0.78 1.68 0.64 1.38 0.56
1.00 1.00 2.15 1.00 215
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the density ratio have been used for comparison; namely, €, =
0.25 and €, = 0.4, the average value and the one for Venus year
2, respectively.

To produce agreement between the observed HG flux and the
calculated value, ®¢ (D) would have to be reduced by a factor
between one third and one half. This could be done by reducing
the deuterium density at the homopause by about the same
factor in order to maintain the same density at 220 km with the
reduced flux. The D/H ratio in the mixed atmosphere would be
between 0.8 x 107 and 1.3 x 107 instead of 2.5 x 10?, as
deduced by Donahue and Hodges [1992]. A ratip as small as
1.5 x 107 is compatible with one measurement of [HDOV[H,O]
by near-infrared spectroscopic sounding [deBergh et al,
1991). Two other measurements [Donahue and Hodges, 1993;
Bjoraker er al., 1992] set the lower limit at 2 x 10%. So an
adjustment of the D/H ratio can at best bring ®, down to about
1.1 x 10° cm?s" or 0.83 x 10° cm? s for €, =0.25 or 0.4,
respectively. Furthermore, the value of ®(D) used may be
somewhat larger than the actual one because a fraction of the
upward flow in the lower thermosphere will be diverted by
horizontal winds and never flow across the lower boundary of
the region where the flux balance is calculated. An estimate of
this effect could be made with a yet to be developed three-
dimensional circulation model which includes the light
constituents H and D. The foregoing discussion was prompted
by the differences in average quantities; however, it should be
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kept in mind that when the scatter in the measurements is
taken into account, the observed HG flux and the calculated
flux are then within the variances of one another.

4.2. Time-Dependent Considerations

In early 1982 the 10.7-cm solar flux decreased rapidly
during 4 months from about 220 x 10 W m™ Hz to about 120
x 10 W m? Hz (Figure 1). By the time hydrogen and
deuterium were being observed in the bulge region in mid-
1992, their densities, as we have seen, were higher than they
had been during the first three Venus years by a factor of about
6.5 in the case of hydrogen and a factor of 4 in the case of
deuterium. Considering only the region of the bulge, the time-

dependent expression (3) can be used to evaluate the time
average vertical flux

<Q, + Q@ =2.5<0> - ARAL (1D
where # is the column density of H above the turbopause and
the ratio A, /A, = 2.5 has been applied. Because the hydrogen
and deuterium densities were measured for only a small range of
altitudes near 160 km, it is not possible to evaluate AB/Ar
precisely, nor ¢, (1) and @ (1) separately. Therefore several
extreme cases will be considered. These demonstrate the
degree of uncertainty that exists with regard to the
establishment of the steady state below 160 km. It is possible
that the densities at and above 160 km are approximately
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Figure 7. Altitude profiles of H densities at the subsolar point for various upward fluxes (solid lines).
Altitude profiles of H densities in the bulge region at solar maximum (short-dashed line) and solar minimum

(long-short-dashed line).
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Table §. Rate of Change of Hydrogen
Column Density (10’ cm?s™)

Cue(At.) AB/AL
a(0.8) 5.6
b(0.8) 79
c(0.8) 10

“time in years

those of the steady state and can be used to calculate the
eventual steady state fluxes, even though the steady state
downward flux and density below 160 km may not have been
reached. Thus, the time required for the hydrogen content of
the bulge to change to its observed value will be taken to be
either (1) 0.4 year, the time interval during which solar
activity decreased from its high to low value, or (2) 0.8 year,
the time from the end of solar maximum to the end of
observations in 1992. Three possibilities for A% will be
considered. The assumed steady state H bulge profiles are
shown in Figure 7. These were obtained by extrapolating the
H densities deduced from measurements at 160 km to 110 km,
where the density is assumed to be the same as in the daytime.
Above 160 km, diffusive equilibrium is assumed. An extreme
lower limit to A% is obtained for the first possibility, case a,
by assuming that the change with time occurs only above 160
km. Case b approximates the effective density in 1992 below
160 km by extending the H profile above 160 km back to 120
km, where it meets the solar maximum profile (dotted line),
and case ¢ assumes that as At — 0.8 year, a steady state had
been reached and that A% is the difference between the two
steady state curves at all altitudes. The results for Ar = 0.8 year
are shown in Table 5. The values for a(0.4), b(0.4), and c(0.4)
are all twice as large as the rates in Table 5. As for « @, it can
be assumed that @ increases from ®g to the limiting flux
Q¢ =44 x 10" cm? s as soon as solar activity decreased,
or that it remains fixed at its solar maximum value.

The value for «, + ¢, obtained by subtracting A/A¢ from
2.5¢<@¢> should be larger than the least value that <@, + ¢
can reasonably be expected to have. This can be obtained by
assuming that @, decreases from @, to 0.15 ®, in 0.4 year and
then remains at the lower level while @, remains fixed at its
steady state level:

4533
Qp=2505-0, (12)

Thus
AP, + O pin = 2.50g - 0.425[1 + 1/(p+1)] (13)

where p, the power of time in the integrand of the time average
integral, is taken to be 1. Eventually ¢, will become 6.5
times larger, but as we shall see, such large values in 1992
cannot be tolerated. In order to maintain consistency in the
steady state and time-dependent analyses, @, is taken to be the
calculated flux in Table 3, not the observed flux in Table 1.
These assumptions are consistent with the steady state
analysis in which ®, was compatible only with the electric
field escape process for which € =0.15. Thus it is necessary
that

250, - AMAL 2250 - 0.638 @, (14)

On the right-hand side of (14), the choice of €5 makes very
little difference. The terms in (14) are compared in Table 6.
This table shows that to meet condition (14) it is necessary
that steady state conditions for solar minimum were not yet
established in the lower thermosphere during preentry. Thus
hydrogen densities below 160 km and ¢, must have remained
close to their 1991 levels throughout the preentry period to
allow A% on the left-hand side of (14) and «p,» on the right
hand side to be sufficiently small as to satisfy condition (14).

In the case of deuterium a similar analysis gives the results
in Table 7, where ® is the column density of D above the
turbopause. When Ar = 0.4 year, case values are twice as large
as those in Table 7. ®g, . is 6.5 x 10° cm? s”'. Table 8
compares terms in the analog of conditions in (14).

The criterion (14) is easily satisfied for deuterium under a
wide range of conditions. Thus the results of the time-
dependent analysis, while not quite as rewarding as those for
the steady state, are reasonably close to those expected if
indeed the escape fluxes from Venus, especially for hydrogen,
are quite small. They can exceed those shown in Table 3 for
the electric field process E by very little, just as in the case of
the steady state.

5. Discussion and Summary

In this paper, a strong solar cycle variation in the H and D
densities in the nightside thermosphere of Venus is reported.
Prominent density enhancements in H of 6.5 times and D of 4
times are found in the nighttime bulge region as solar activity
decreases from maximum to near minimum values. Knowing

Table 6. Comparison of Terms in (14) for Hydrogen (10’ cm? s™)

250, - A%/at

250 - 0.6380,

Case At=08yr At=04yr Year Value
a 54 0.0 1 35
b 31 4.8 2 33
c 1.0 -9.0 3 30

Average 33
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Table 7. Rate of Change of Deuterium
Column Density (10° cm?s)

Case(As*) ’ AD/At
a(0.8) 25
(0.8) 5.0
c(0.8) 8.8
‘time in years

that the dominant escape fluxes due to the charge separation
electric field (E) and charge exchange (CE) decrease as solar
activity declines [Donahue and Hartle, 1992], we propose that
the observed buildup of H and D is a direct consequence of this
decrease.

Making use of the observed H and D densities for both the
high and low solar activity conditions, the respective flow
budgets are evaluated with only minimal knowledge about the
escape processes involved. The H and D escape fluxes so
derived serve as an independent test of the escape scenario
described by Donahue and Hartle {1992]. In the following, the
concept behind the derivation of these escape fluxes is briefly
summarized and is illustrated in Figure 8.

Given the observed H and D densities on the dayside, the
upward fluxes of these constituents, @ (solar maximum
conditions) or ¢y (solar minimum conditions) from the
mesospheric source region can be derived from standard
diffusion equations. As illustrated in Figure 8, these fluxes
feed the net horizontal transport (due to winds and exospheric
return flow) that effectively carries H and D into the nightside,
where they pile up and attain values that are 2 orders of
magnitude higher than those on the dayside. Such large
density enhancements naturally lead to increased downward
transport having flux magnitudes, ®, or ¢, taken to be
proportional to the densities with proportionality factors that
are the same for both high and low solar activity conditions.
Essentially all escape of H and D is expected to occur from the
bulge region with flux magnitudes, ®, or ¢, that are
considered unknown quantities to be derived. The expected
inverse relations between the H and D bulge densities and
escape fluxes are indicated in Figure 8. Finally, the H and D
escape fluxes are uniquely defined when conservation of flow is
applied simultaneously to both high and low solar activity
conditions.
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Applying this concept, we developed a simple relationship
(9) between the planet averaged escape and source fluxes at
solar maximum ; i.e., &, =7 &y, where the escape efficiency
N provides the connecting link between parameters at high and
low solar activity. With knowledge of the source fluxes and
the solar cycle dependence of the bulge densities, expression
(9) was used to evaluate the H and D escape fluxes. Source
fluxes ®5(H) = 1.45 x 10" cm? s and $5(D) = 2.15 x 10°
cm? s were derived, where the former is a reevaluation of a
previous derivation by Paxton et al. [1988]. By spanning the
range of possible parameters in the escape efficiencies, the
escape fluxes were found to be in the range 1.23 x 10’ cm? s
S P, (H)<1.45x 10 ecm? s and 1.61 x 10’ cm? s* < &,(D)
$2.15x 10° cm? 5", where H and D densities in the respective
bulges, averaged over the first three Venus years (solar
maximum), were used.

It is fortunate that the ranges of escape fluxes obtained by
analysis of the solar cycle induced bulge changes were found to
be so narrow that they can be used to analyze the evolution of
H and D without specifying any particular escape mechanisms.
Alternatively, these fluxes also provide valuable constraints
for the study of escape mechanisms. For example, the H escape
fluxes derived directly from the charge exchange mechanism,
$,(CE; H) = 0.9 x 10" cm?® s, and the electric filed
mechanism, 3,(E; H) = 1.5x 10’ cm? s, are just outside the
bounds derived from analysis of the solar cycle induced bulge
changes. Thus, considering the variance of the measured
densities and other possible uncertainties such as the effective
areas of the bulges where escape takes place, these fluxes and
their sum &,(E + CE; H) = 2.4 x 10" cm? s appear to be
reasonable estimates. In contrast, the D escape flux due to the
electric field process, ®,(E, D) = 0.56 x 10° cm? s*, is
outside the experimental range derived from solar cycle
variations by about a factor of 3 (escape due to CE is not
important here because the fractionation factor is 0.02). This
gap can be reduced by a factor of 2 if the experimentally
possible D/H ratio of 1.5 x 107 instead of 2.5 x 107 is used in
the derivation of ®g5(D). When the other uncertainties
mentioned in section 4 are taken into account, the gap should
be reduced even further. The analysis presented here thus
provides independent estimates of the H and D escape fluxes
that are in reasonable agreement with values derived earlier
[Donahue and Hartle, 1992; Hartle and Grebowsky, 1995].

The above analysis assumed that steady state conditions
applied at the high and low solar activity periods when the
measurements were made. We have examined the validity of
this assumption by applying the time-dependent variation

Table 8. Comparison of Terms in the Analog of (14) for Deuterium (10° cm* s°')

250, - AD/AI

250 - 06380,

Case Ar=08yr Ar=04yr Year Value
a 1.3 1.04 1 0.70
b Il 0.60 2 0.89
¢ 0.7 -0.16 3 0.65

Average 0.64
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periods.

described in (3) to the period when solar activity changed from
its maximum value to the low value at the end of the PVO
mission. We found that steady state conditions were
established for H above about 160 km but not yet in the lower
thermosphere during the preentry period, while they appear to
be for D throughout the thermosphere. Therefore we conclude
that the steady state analysis is a valid approximation because
it dealt with only the observed density variations in the upper
thermosphere above about 160 km. Consequently, these
results can be used in an evaluation of the evolution of H and
D.
The fractionation factor

1 <@, (D)

Reg,(H)
is about 0.44, using the results listed in Tables 2 and 4 and R,
the current D/H ratio of 2.5 x 1072 This large value is
incompatible with charge exchange for which f is 0.02
[Krasnopolsky, 1985). Hence the combined results suggest
that virtually all of the escape flux determined by this
procedure is due to the charge separation electric field. In any
case, taking the H and D fluxes obtained in this way without
specifying the physical mechanism, we arrive at the solar
cycle average rates

@, H»=36x 10 cm’s"
@Dy =4x 10°cm?s’

f=044
when €, (D) =0.4. The fluxes averaged over the entire planet
and the solar cycle are «@,(H» = 7.2 x 10°cm™s" and «@(D) =
8 x 10* cm?s.

The present water vapor mixing ratio is 30 ppm (0.015 m of
liquid or 8.3 x 10% Hatoms cm™). If this is the remnant of
simple Rayleigh fractionation of an early water reservoir
where the D/H ratio R, was terrestrial or 1.6 x 10 and there are
no hydrogen sources comparable to «p,(H)> the size of the early
reservoir was a factor

)l/(l—f)

(15)

r=(R/Ro = (1st1-044) _g 34,103 (16)
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times as large as the present one. This is enough water to
cover the planet with 125 m of liquid and is 3.8% of a full
terrestrial ocean.

If, on the other hand, hydrogen is in a steady state currently
with some source (e.g., cometary water and/or outgassed
interior water) whose D/H ratio is R, = 1.6 x 10 the ratio of
the primitive reservoir to the present one [Gurwell, 1995;
Donahue et al., 1996] is given by

r=peft/TH _(fr L an
f
Here p is R/R, or 157 and
= ,5/<(peﬂ-{)> (18)

with 4 being the column abundance of hydrogen in the entire
atmosphere. We note that (17) results when t/1, >> 1 in
Gurwell’s [1995] full equation, which implies that H reaches a
steady state long before D does. Here, 1, is 365 m.y., ¢/ T, is
12.3, and r is 3.8 x 10*. The consequence would be 570 m of
water or 17% of a full terrestrial ocean 4.5 Gyr ago on Venus.

With such a large fractionation factor, the relaxation time
for deuterium, T,, is very small and the time required to
establish a steady state

Tos=Tulf (19)
is only 830 m.y.. However, the D/H ratio in a source with

which the present-day hydrogen is in a steady state would have
to be very large

Rg=Rsf=1.1x 10" 20
If instead the fluxes in Table 1 with the corresponding
deuterium fluxes are used, we can consider two cases, one in
which process CE is added to E, the other in which it is not. In
the first case, f= 0.1, and in the second fis 0.15. Then
Ty = (160 - 306) m.y.,
r =275 or 383,
calling for an original reservoir 4.1 or 5.7 m deep when there

is no external source of water. Considering 1 = 4.5 Gyr, then ¢/
Ty would be either 14.7 or 28.1, which calls for a ratio r of
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Table 9. Three Approaches Used to Determine Escape Fluxes

Solar Cycle Bulge Density Changes Electric Field Electric Field and Charge Exchange
f=044 f=015 =01

Key Parameters No Source Source No Source Source No Source Source

Ty (my.) 365 365 306 306 160 160

/Ty - 12.3 147 28.1

CPpt 36 36 43 43 8.2 8.2

rx10° 83 38 0.28 137 0.38 2.45

d(m) 125 570 4.13 206 575 36.8

*units of 10" cm? 57

1370 to 2450 between the original and present water D (e.g., similar to the one developed by Mengel et al. [1989]

abundance if hydrogen is in a steady state with a source having
an Earth-like D/H ratio. This amounts to 20.6 or 36.8 m of
water uniformly distributed on the surface.

The various scenarios described above for the decay of an
ancient reservoir of water are conveniently summarized in
Table 9 in terms of the three approaches used to determine
escape fluxes; namely, those derived from solar cycle changes
in the H and D bulges, those obtained from measurements
related to electric field acceleration, and those produced by
combining escape fluxes due to charge exchange and electric
field processes. The table identifies key parameters used in
describing the decay of an early water reservoir on Venus,
where time ¢ is 4.5 Gyr, «p, is the global average hydrogen
escape flux, r is the ratio of the initial column of water in the
atmosphere to the current one, and d is its depth in liquid form
uniformly distributed over the surface. For each method, the
size of an ancient water reservoir is determined for two
possibilities, one with no external source of water and the
other in which the D/H ratio of the source Rgis 1.6 x 10*. In
all cases, the D/H enrichment p is 157. For each method, the
amount of water required in an initial reservoir when the
hydrogen escape flux is in equilibrium with an external source
is about 5 to 6 times greater than is required for simple decay
(no source) of the reservoir. This result is expected because the
primordial water reservoir must be larger in the steady state
case to overwhelm the low D/H water brought in by an external
(e.g., cometary) source. Although the hydrogen escape fluxes
only differ by about a factor of 2, the sizes of the ancient water
reservoirs differ widely to attain the deuterium enrichment
observed in Venus' atmosphere today. This is due to the fact
that while the fractionation factors f differ by 3 to 4 times,
these differences are magnified by the exponential dependence
of an initial water reservoir on f. The differences in the
fractionation factors are primarily attributed to the differences
in the respective deuterium escape fluxes. At this time we have
no way of determining which ¢,(D) is most likely. However,
future work aimed at minimizing some of the uncertainties
mentioned above could narrow this gap. For example, since
the source fluxes and downward fluxes are dependent on global
circulation, improved estimates of these fluxes and their
effective areas could be obtained by a three-dimensional,
global circulation model for the major constituents and H and

for He). This approach would require inclusion of lateral
transport and escape of H and D, because these processes are
expected to have important effects on their circulation. of
course, experiments to measure the structure and dynamics of H
and D throughout the thermosphere on a future mission to
Venus could greatly improve our understanding of escape and
evolution of the atmosphere.

Appendix

Paxton et al. {1988] compared daytime Lyman-o obtained
in nadir to horizon scans by the Pioneer Venus Orbiter
Ultraviolet spectrometer (OUVS) during the first three Venus
years with that predicted from model hydrogen density
profiles. These profiles were the result of calculating the
density with a specified upward hydrogen flow ¢ from the
expression

dz’
n (2 )[K(Z')+ D(z')]

z
nz)=n(z)1-¢]
i

(AD)

where K(z) and D(z) are the eddy and molecular diffusion
coefficients

T(z)
nc(z)=nc(zc)f
I . (A2
X expl- | (z) , Kz) dz
L LH(Z) Hy(z)|K(z')+Diz')
c

Here, H, and H, are the scale heights for hydrogen and the bulk
atmosphere. Paxton et al. set the reference altitude z, at 200
km. The emission rates near the horizon are sensitive mainly
to the density at high altitude, while the emission rates from
directly below the spacecraft are essentially determined by the
integrated vertical column density. This, in turn, is set by ¢
and the hydrogen density below the hydrogen homopause. The
best fit to their data came from a profile with a flux of 7.5 x 10’
cm? s and a density of 6 x 10* cm” at 200 km.

This profile calls for a density of 6 x 10" cm™ at 110 km.
There is a problem associating a flux as large as 7.5 x 10’ cm’?
s with such a profile because that flux exceeds the limiting
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flux of hydrogen under the conditions specified. The limiting
flux @, is D(100) n,/H,. With VIRA

D(z) =8.4x 10" T° n (2). (A3)

Here, @,is 3.3 x 10" cm™® s, when T'= 178°K, n, =83 x 10"
cm? at 110 km. We have recalculated the hydrogen densities,
withn =6 x 10" cm® at 110 km and K = 1.4 x 10"V n, <3 x
107 cm® s*. The results for a range of @ from 0 to ¢, are shown
in Figure 7. A density of 6 x 10* cm” at 200 km results for
the profile with ¢ = 2.3 x 10" cm®s”'. That is a profile very
similar to that of Paxton et al. with ¢ = 7.5 x 10’ cm™® s’". In
this paper we assume that the PVOUVS results for 1978-1981
are best represented by this profile. Because the average
hydrogen densities for Venus years 1, 2, and 3 were 7.5 x 10
cm’ at 200 km, the densities and fluxes in Figure (7) should be
multiplied by a factor 1.25 to apply to the analysis in this
paper.

The noontime deuterium densities at 220 km during solar
maximum average 730 cm”. If the D/H ratio is 2.5 x 107 for
Venus hydrogen, the deuterium density at 110 km will be 1.9 x
10° cm? when the hydrogen density is 7.5 x 10’ cm”. We have
calculated n, for deuterium from (A2) with the molecular
diffusion coefficient

D(2)=23x10"T°% n (2) (A4)

the same as that for H, in CO, [Hunten, 1973]. The diffusive
equilibrium density at 220 km according to (Al) is 1.3 x 10*
cm?. It follows from (A2) that the observed deuterium density
of 730 cm’* at 220 km calls for an upward deuterium flux of 4.3
x 10° cm? s' near the subsolar point. To reduce that flux
sufficiently to bring the calculated @, into agreement with the
HG flux, n, would have to be reduced by a factor between 0.3 (e
=1, year 3) and 0.5 (¢ = 1.3, year 2). This would call for the
D/H ratio to be correspondingly reduced.
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SOLAR CYCLE VARIATIONS IN H+ AND D+ DENSITIES IN THE VENUS IONOSPHERE:
IMPLICATIONS FOR ESCAPE

Thomas M. Donahue
Space Physics Research Lab, Department of Atmospheric, Oceanic and Space Sciences, University of Michigan

Richard E. Hartle
Laboratory for Atmospheres, Goddard Space Flight Center

Abstract, The hydrogen ion concentrations recently
observed on Venus, near solar minimum, by the Ion Mass
Spectrometer on the Pioneer Venus Orbiter in the anti-solar
sector (22:00-02:00 LST) of the ionosphere are more than an
order of magnitude less than those previously observed at
solar maximum. This strong solar cycle variation has a
profound effect on the escape of hydrogen (and deuterium)
from Venus; almost all escape occurs during solar maximum.
After adjustment for solar cycle variation, a planet-averaged
hydrogen escape flux of 0.6-1.4 x 107 cm-2 s-! is obtained
along with a large deuterium fractionation factor of 0.1-0.14.
These results suggest at least two plausible scenarios for the
evolution of water on Venus: (1) Water vapor on Venus
may be approaching a steady state if the escape flux is
balanced by endogenous or exogenous sources of water. The
source of water must be highly fractionated, with a D/H ratio
differing by less than an order of magnitude from the present
ratio of 2.4 x 10-2, thus precluding low D/H water from
comets, asteroids or a mantle reservoir. (2) The present day
D/H ratio of 2.4 x 10-2 could be established by Rayleigh
fractionation of an early low D/H water reservoir if the
escape flux was sufficiently large in earlier times. An early
water endowment at least 340 times today's abundance,
equivalent to 4.2 to 14 m of liquid water on the surface,
would be needed.

1. Introduction

The Pioneer Venus Orbiter (PVQO) spacecraft, which
explored the thermosphere of Venus between December,
1978 and July, 1980, has recently revisited that region.
During the late summer and fall of 1992 the spacecraft was
exploring the nighttime atmosphere at altitudes as low as 132
km. 1978-80 was a time of maximum solar activity. In
September, 1992, activity was declining toward a minimum.
Hence the Venus thermosphere and ionosphere was
examined with the same instruments during times of high and
low activity. The present paper will contrast the hydrogen
ion population of the ionosphere between 150 km and 700
km in the anti-solar sector (22:00 - 02:00 LST) under these
very different conditions.

2. Hydrogen lon Densities at High and Low Solar Activity

Figure 1 shows examples of hydrogen ion densities
obtained by the PV Orbiter Ion Mass Spectrometer (OIMS)
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on orbits 5021 and 5032 (LST 00:47 - 01:57). Ions of mass 2
are also plotted. These are characteristic of conditions during
the present epoch. These profiles provide a vivid contrast
with conditions in 1978-80 when the densities observed
under similar conditions were about 10 times larger at 200
km and 30 times larger at 600 km [Bauer et al., 1985]. Even
though some of these data points will need further scrutiny,
no fine tuning can change the essential element on which this
analysis depends. The general level of the densities will not
change. It is very low. Figure 2 shows average profiles for
H* in filled and depleted ionospheres between 22:00 and
02:00 LST (orbits 4995-5033, 31 cases in all). Averages for
the two hours before and after midnight are shown separately.
In Figure 3 the VIRA model H* densities [Bauer et al., 1985]
for 150° - 170° SZA are shown along with the current results.

3. Implications for Hydrogen Escape

We wish to draw attention to the significance of such large
variations in H* for escape of hydrogen and deuterium from
Venus. Until recently four processes have been recognized
as contributing currently to escape: classical "Jeans" escape
(J). charge exchange between low temperature atoms and
high temperature ions (CE), collisions of hydrogen atoms
with high speed oxygen atoms produced by dissociative
recombination of Q2% (O*), and outflow in the plasma tail
(T). The first process is virtually inactive in the cold upper
atmosphere of Venus. Calculations of CE by Hodges and
Tinsley (1986] and by Rodriguez et al. [1984] give disparate
results -- 2.4 x 107 cm=2 s~ in the first case and 0.4 - 1 x 107
¢cm-2 5-Lin the second. The latter authors also model a loss
by O* amounting to 1.2 x 106 cm-2 s~ that contrasts with a
recent result of 3.5 x 106 cm-2 s-1 obtained by Gurwell and
Yung [1992]. (T) has been discussed by Brace et al. [1987]
who produced evidence for O+ escape in 1984 and argued for
an accompanying -- but unobserved -- planet wide average
H* flux of 5 x 106 ions/cm-2 s-1. Two remarks need to be
made concerning the calculations. First, the ionospheric
models on which they were based were constructed with data
obtained by the PV orbiter during the solar maximum of
1978-80 (or the solar minimum of 1984 for T). Second, the
ionospheric nmodels adapted by the two groups who have
calculated CE differ strikingly from each other, and neither
corresponds closely to the VIRA empirical model, which is
no more than an average of (OIMS and OETP) data obtained
during three successive passages of periapsis over the night
hemisphere (Figure 3). Obviously, these calculations need to
be repeated using H* densities obtained from PVO
observations. Allowance should be made for changes with
solar activity which will reduce the average CE flux by a
factor of 2 unless compensating changes in the neutral
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density occur. We note that O™ will also vary, because radio
occultation data [Kliore and Mullen, 1988] clearly show that
there is a large solar cycle modulation in 027 density.

While awaiting the results of these exercises, it may be
possible to reconcile the results already published and to
adjust them for solar variability by recourse to the PV OIMS
results. From Figure 3 it is clear that the Tinsley and Hodges
[1986] ion densities above 250 km are 100 high by a factor of
3 for SZA 150°-180°. A similar comparison at other zenith

al (R-P-M), [1984].

angles shows that, overall. they are eftectively high by a
factor of about 2.7 for the entire nightside. Thus their CE
probably should be reduced from 2.8 t0 1x 107 em 25 L.
Likewise the Rodriguez et al. {1984] fluxes are 100 low by a
factor of 2.3 and 1.9 for the SZA zones 150°-180° and 120° -
150°, in which almost atl CE is generated. For their Case 3
this changes their CE flux from 3.2 x 106 em25 1109 x 100
¢m-2 s-! during solar maximum. Thus, the results of the two
calculations may converge al about 107 cm-2 s-Lif they are
performed using the same (observed) H* densities.

It is interesting to compare these theoretical fluxes with the
recent determination of the upward flux of H* in the
nightside thermosphere of Venus by Hartle and Grebowsky
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(1992]. Data obtained in the dawn (hydrogen bulge) sector
between midnight and 2 a.m., 150°-180° SZA show that H*
(and D*) ions in this region flow upward between 300 km
and the ion exobase at 500 km, accelerated by the charge
separation electric field. This occurs in filled ionospheres
under quiet solar conditions -- as well as in ionosg)heric holes.
The H* flux reaches a local value of & x 107 cm=2 571 and the
D+ flux 3 x 105 cm 2 s-! at 500 km, with values larger by a
factor of 2 -- especially for D* -- possible. The midnight
region was selected because the lateral flow of ions from the
dayside stagnates there, and the vertical flow is not
complicated by the effects of day to night transport. There is
reason 1o expect that the outward flow detected here will also
be a component of the vertical flow everywhere on the
nightside, and be particularly strong in the region of the
bulge. Allowing for variation in H* density with SZA in the
hulge leads to the estimate that this flux would attain a value
of about 14 x 107 em-2 -1 between 1502 and 120° and drop
1o about 2.9 x 107 cm~2 between 120° and 90°. The average
bulge flux would be 7.5 x 107 ¢cm-2 s, This would
correspond o a globally averaged flux of 1.5 x 107 em-2 571
if it assumed that almost all of the flow occurs in the bulge
which covers 20% of the planet's surface.

These upward flowing ions have two possible destinations.
One of these is the plasma flow of H* and D* accompanying
the tail ray O* flow described by Brace ¢t al. [1987] which
we have catled T. The other is an analog of the telluric polar
wind in which the upward flowing ions are accclerated to
escape speed and escape into the solar wind with a flux P.
Thus a new process (P) would be added to the four already
identified in contributing to escape. We proceed now to
estimate the contribution of these five processes to obtain the
hydrogen escape flux averaged over the planet and over the
solar cycle. We shall also estimate the fractionation factor
for each process and for the aggregate of the five.

4. Escape Fluxes and Fractionation Factors

The fractionation factor for D escape relative to H is given
by
f=92 (1

odu '

where o is the D/H ratio in the mixed atmosphere
(Krasnopolsky. 1985]. Witho =2.4 x 10-2 {Donahue et al.,
1982; de Bergh et al., 1991; T.M. Donahue and R.R. Hodges,
Jr., unpublished 1992] f is 0.17 (and perhaps considerably
larger) for the thermospheric D¥ and H* flows obtained by
Hartle and Grebowsky [1992]. If the tail ray flow is really a
plasma flow, the fractionation factor f is merely the ratio of
the D+ and H* densities divided by a. Since the density ratio
obtained by Hartle and Grebowsky [1992] is 6.2 x 10-3, it
follows that fi = 0.26. If the D* and H* ions in the Venus
wind flow (P) have equal kinetic energies, as they should if
they are accelerated by an electric ficld, fp will be ﬁ/\f§ or
{.15. (We note that the ratio of H* and D% velocities
obtained by Hartle and Grebowsky is. in fact, 1.4.) It follows
then, that Pis 1.2 x 107 cm-2 51 and Tis 0.3 x 107 em2 571,

Combining these flux values with the estimate of 0.9 x 107
em-2 51 arrived at in Section 3 for CE, and 0.35 x 107 cm-2
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Table 1. Escape Fluxes and Fractionation Factors
Process ) )
em2sl | cm-2 51 f f
CE  go(1) 0.020) 09 002 002
o* 0.35Q) 0.31(2) 0.35 o(4) 031
C 3 026
P 120 0.5
1otal 275 0.14 125  0.0130) 0.1
average 1.4 0.6

(1)This paper; (2)Gurwell and Yung, [1992];
(3)Krasnopolsky, [ 1985]; (4)McElroy et al., [1982];
(5)Hunten et al., {1982]..

s-! for O calculated by Gurwell and Yung [1992] gives a
total flux of 2.75 x 107 cm-2 s-1 at solar maximum, or a solar
cycled averaged flux o of 1.4 x 107 em-2 51, Taking the
values derived for fp and f; together with 0.02 for f¢e and
.31 for fo* [Gurwell and Yung, 1992] yields a total
fractionation factor of f = 0.14. Here we have always taken
o 10 be 2.4 x 10-2 or 150 times terrestrial.

In Table 1 we display the contributions of various
mechanisms to the escape flux and fractionation factors that
have been associated with these processes. The first two
columns give the values suggested in this paper. The next
three columns show the effect of neglecting tail ray and
Venus wind losses but allowing for the large increase in fo*
proposed by Gurwell and Yung [1992]. From this table it is
apparent that only charge exchange, and Jeans escape now
seem to discriminate severely against deuterium escape. No
matter what combination of processes is considered the
fractionation factor is 0.1 or larger, and the effective
hvdrogen escape flux is severely reduced by solar cycle
effects. We shall now discuss the implications of these
changes for the evolution of water on Venus.

5. Evolution of Venus Water

Recently there has been a convergence of some
measurements of the water vapor mixing ratio in the lower
atmosphere toward 30 ppm [Pollack et al., 1992; Donahue
and Hodges, unpublished results 1992]. However, some
older credible analyses that call for much higher mixing
ratios -- up to 200 ppm -- remain unexplained. Thus there is
a possibility that the water vapor concentration is variable in
space and time and that possibility should still be allowed for
in a discussion of the water vapor budget of Venus -- present
and past. The rest of the hydrogen inventory is virtually
unbounded except by aeronomic constraints. Here we shall
consider a possible range of 30 10 100 ppm H20 equivalent.
The time required to exhaust such reservoirs by the escape
flux discussed here is given by

1 = H/¢, ()

where H is 8.3 x 1022 atoms cm-2 if the water vapor mixing
ratio is 30 ppm. For a flux of 1.4 x 107 ¢m 2 s°1 1 lies
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between 190 and 630 My. The characteristic time for decay
of the D/H signature as D/H approaches a steady state value
in the presence of sources and sinks of water, is

=1/t 3)

(Krasnopolsky, 1985]. This is between 1.4 and 4.5 Gy. The
order of magnitude increase in f resulting from the
reevaluation of fo" and the large values of fi and fp.
therefore. means that it is plausible that the present day water
vapor is wc!l on its way toward a steady state if sufficiently
strong sources -- endogenous or exogenous -- exist.
However, the same high efficiency for deuterium escape
which, on the one hand, makes tss short, on the other hand,
makes the ultimate D/H ratio, given by

(D/H)n = Gs/f. (4)
(Krasnopolsky, 1985] only 7 times the source value, ots.
Because water in comets very likely has a D/H ratio in the
neighborhood of a few times 10-%, this would appear to
preclude comets [Grinspoon and Lewis, 1988] as important
sources and to require mechanisms for producing a highly
fractionated source of water from a mantle reservoir, given
the present very high D/H ratio of 2.4 x 10-2,

On the other hand it would be possible for the presently
large value of D/H to be established by simple Rayleigh
fractionation of an early water reservoir with a terrestrial like
D/H ratio if & should increase adequately with H. If avog is

150 and f is 0.14 an ancient water supply 340 times larger
than the present atmospheric inventory would be required.
This is equivalent to 0.14 to 0.47 percent of a full terrestrial
ocean. To exhaust the associated hydrogen, ¢ would have to
increase appropriately with increasing water abundance
[Kumar et al., 1985).

6. Conclusions

Solar activity has a profound effect on hydrogen escape
from Venus; the fractionation factor for deuterium and
hydrogen escape is very large and our understanding of the
history of water on Venus is very confused. Virtually the
only scenario that appears to be excluded by our present
understanding of hydrogen and deuterium escape processes is
one that involves a steady state in which H and D outflow are
balanced by an input of low D/H water from comets,
asteroids or a mantle reservoir. However, it would be
difficult to underestimate the quality of our present
understanding either of the processes or the present hydrogen
inventory. Developments are occurring, it remains to be seen
whether or not they represent progress.

Conclusions, similar to those reached here regarding the
significance of the large fractionation factor generated by
process O* and T, were reached, prior to the preparation of
this paper, by D. H. Grinspoon [Unpublished manuscript;
International Colloquium on Venus, Aug. 10-12, Pasadena,
CAl]
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